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Preface 



This volume contains the proceedings of The Second Polish-US Confer- 
ence on High Temperature Superconductivity which was held August 18-21, 
1998 in Karpacz, Poland. The conference followed The First Polish-US Con- 
ference on High Temperature Superconductivity organized in 1995, proceed- 
ings of which were published by Springer- Verlag in 1996 (Recent Develop- 
ments in High Temperature Superconductivity, Lecture Notes in Physics 475). 

High Temperature Superconductivity (HTSC) in complex copper oxides 
has become a household name after twelve years of intense research following 
its discovery in 1986 by J.G. Bednorz and K.A. Muller. Because of the rapid 
growth of the HTSC field, there is a need for periodic summary and condensa- 
tion both for scientists working in the field and, especially, for young research- 
ers entering the field of oxide materials. Following the First Conference, it 
was recognized that an extended format of lectures perfectly satisfied that 
need, providing adequate time for experts from the international community 
to fully introduce and develop complex ideas. Thus, the format of the Second 
Conference brought together by cooperating scientists from the Institute of 
Low Temperature and Structure Research of the Polish Academy of Science 
at Wroclaw, Northern Illinois University, and Argonne National Laboratory 
remained mostly unchanged. Again, we were delighted to receive enthusiastic 
responses from distinguished US and Polish scientists who were invited to par- 
ticipate. The focused sessions on microscopic description, physical properties, 
materials, crystal chemistry, and applications of HTSC provided forums for 
intense discussion of common research topics for US and Polish scientists. The 
Conference also provided a base for personal scientific interactions, especially 
important for young Polish researchers. The high level of scientific presenta- 
tions, the high altitude, and perfect weather all contributed to a particularly 
pleasant atmosphere for the meeting. 

The Conference included approximately 80 participants who contributed 
21 invited lecturers (10 US and 11 Polish speakers), as well as 44 posters 
describing the current status of research on HTSC in Poland. The articles 
presented in this book span the field from the theoretical investigations of the 
pairing mechanism to the experiments relating to new materials applications. 
In an effort to present the most current status of HTSC, the texts were 
updated just prior to publication (fall of 1999). The editors anticipate that 
the book will become a valuable resource not only for the advanced reader, 
but also for a larger readership seeking reviews of current problems in HTSC. 

We would like to express our sincere thanks to the scientific staff of the 
Institute of Low Temperature and Structural Research for their superior or- 
ganization work. We want particularly to acknowledge the leading abilities 
of S. Golqb in administration of the Conference and the cooperative spirit 
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of the team, comprising also D.Wlosewicz, A.J.Zaleski, and A.Baszczuk, 
M. Matusiak, H. Misiorek, T. Plackowski, A. Sikora, Cz. Sulkowski. 

The Conference was organized under the patronage of the Physics Com- 
mittee of the Polish Academy of Sciences, and the U.S. Science and Techno- 
logy Center for Superconductivity. On behalf of all the participants, we would 
like to express our sincere gratitude to the U.S. National Science Foundation 
and Polish State Committee for Scientific Research for their financial support 
which made this conference possible. We thank all the authors for their con- 
tributions. 



Wroclaw, De Kalb, and Argonne, 
January 2000 
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Muon Spin Rotation Studies of Doping 
in High-Tc Superconductors 



J.I. Budnick^ and Ch. Niedermayer^ 

^ Department of Physics and Institute for Materials Science, 
University of Connecticut, Storrs, CT 06269 , USA 
^ Fakultat fiir Physik, Universitat Konstanz, 

D -78457 Konstanz, Germany 



Abstract. Muon spin rotation (pSR) studies on high temperature superconduct- 
ing (HTS) cuprates will be reviewed. After an introduction to the technique, studies 
of the superfluid density will be described and the universal variation of the super- 
fluid density ris as a function of [hole concentration] p will be discussed. Important 
exceptions will be noted, such as the YBa2Cu307_i system, where, besides the in- 
trinsically superconducting Cu02 planes, an interlayer may be metallized (here the 
CuO chains) which consequently contributes to a significant enhancement in super- 
fluid density and associated improvement in technologically interesting properties 
such as flux pinning and critical current density. A common phase diagram of the 
antiferromagnetic correlations for Sr doped La2Cu04 and Ca doped YBa2Cu30e 
and, in particular the coexistence of strong electronic magnetism within the super- 
conducting state, will be discussed in terms of pSR experiments in zero external 
magnetic field. 



1 Introduction 

The technique of muon spin rotation or relaxation (pSR) is a powerful tool 
for studying the internal distribution of magnetic fields within solids [ 1 ]. In 
the context of high temperature superconducting (HTS) cuprates pSR ex- 
periments have provided important contributions to a better understanding 
of the physics of the vortex state, superfluid density and the complex inter- 
play between magnetism and superconductivity that distinguishes the HTS 
cuprates. These materials are strongly anisotropic due to their distinctive 
structure which comprises quasi-two-dimensional Cu02 planes separated by 
insulating interlayers. The electronic correlations causing magnetism and su- 
perconductivity originate primarily in the CuOa planes. One of the most 
striking features of the HTS cuprates is the strong dependence of these elec- 
tronic correlations on the hole concentration per Cu02 plane, p, resulting 
in a generic p-dependent phase behavior as summarized in Fig. 1 . At very 
low doping these materials are antiferromagnetic (AF) insulators but with 
increasing p the AF correlations are weakened and the Neel temperature, 
Tn , falls rather sharply to zero. At a critical concentration there occurs an 
insulator-metal transition coinciding with the onset of superconductivity. 

J. Klamut et al. (Eds.): LNP 545, pp. 1-16, 2000. 

© Springer-Verlag Berlin Heidelberg 2000 
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The critical temperature Tdp) follows a universal, approximately parabolic 
p-dependence, that can be conveniently expressed as [2] 

2^c = Te,„ax[l-82.6(p- 0.16)2], (1) 

where the maximum is reached for an optimum doping of p « 0.16 holes per 
Cu02 plane. This p-dependence appears to be common to the HTS cuprates 
and all that varies between the different HTS compounds is the magnitude 
of the optimal value, Tc ^ax • As also shown in the Figure, at intermediate 
doping levels extending from the Neel State and well into the superconduct- 
ing domain, short-ranged AF fluctuations survive and at low temperatures 
freeze into a disordered spin-glass state (annotated SG) which coexists with 
superconductivity. 
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Fig. 1. Schematic representation of the doping-dependent phase diagram for HTS 
cuprates. AF and SG denote the antiferromagnetic and spin glass phases 



After an introduction to the technique, studies on the superfluid density 
will be described and the universal variation of the superfluid density Us as 
a function of p will be presented. Important exceptions will be discussed, such 
as the YBa 2 Cu 307 _i system, where, besides the intrinsically superconducting 
Cu02 planes, an interlayer may be metallized (here the CuO chains) which 
consequently contributes to a significant enhancement in superfluid density 
and associated improvement in technologically interesting properties such as 
flux pinning and critical current density. 
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2 The |uSR Technique 

The basic idea of a p.SR experiment is very similar to that of the NMR tech- 
nique. Positive muons are incorporated as local probes of interstitial regions of 
the sample to be studied. The spin of the muon and the related magnetic mo- 
ment act as a sensitive probe for the local magnetic field through its precession 
in the field with a frequency of = 7^,Sioc , where 7^ = 851.4 MHz/T is the 
gyromagnetic ratio of the muon and J3ioc is the local field. The polarization 
of the muon is conveniently determined by the fact that when a muon decays 
(half life 2.2 ps) the resulting positron is emitted preferentially in the direc- 
tion of the instantaneous polarization. A schematic diagram of the standard 
pSR experiment is shown in Fig. 2. A beam of 100% spin-polarized muons is 
directed onto the cuprate sample which, for studies of the vortex state and 
superfluid density, is mounted in a magnetic field of strength H transverse 
to the polarization of the muon spin. The sample may be a sintered poly- 
crystalline body, an oriented single crystal, a mosaic of single crystals or even 
a compact of powder. The injected muons thermalize rapidly without any sig- 
nificant loss in polarization and come to rest at locations in the sample which 
are random on a scale of the London penetration depth, A (100-300 nm) but 
at distinct sites in the crystallographic unit cell, forming a muoxyl bond with 
apical or chain oxygens [3]. The muon spin processes about the local field 
which may be modulated due to flux vortices in the presence of the field 
but may, in zero field, arise from magnetic ordering or local moments. In the 
transverse-field experiment, the precession frequency is randomly distributed 
due to the random distribution of local fields and so the muons dephase and 
progressively lose their polarization. The time-resolved polarization signal 
is thus oscillatory with decaying amplitude. Its depolarization rate provides 
a measure for the inhomogeneity of the magnetic field in the vortex state and 
hence for the magnetic penetration depth. By Fourier transformation one can 
obtain the frequency-resolved signal which in the case of single-crystalline 
materials exhibits the characteristic features of the vortex structure, i.e. a tail 
towards high frequencies (fields) caused by the vortex cores, a peak at the 
field of the saddle point between two vortices and a sharp cut-off on the 
low field side. For polycrystalline samples the distribution of precession fre- 
quencies is almost symmetrical and of approximately Gaussian shape. In this 
case, the Gaussian depolarization rate, <t, may be found from the second 
moment (Aw^) of the frequency distribution or more conveniently it may be 
more directly determined from the envelope of the oscillatory time-resolved 
polarization, as given by: 

P(t) oc exp[-icr^t^] . (2) 

The key factor is that a, being a measure of the field distribution, is 
proportional to where Aeff is an effective magnetic penetration depth 
related to the in-plane and out-of-plane penetration depths Xab and Ac by 
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Fig. 2. Schematic diagram showing the main components of the p.SR technique 

the degree of anisotropy and field orientation. As such it is a measure of the 
superfluid density, ng , as will be seen. 

Barford and Gunn [4] have analysed the situation for highly anisotropic 
systems such as the HTS cuprates and find for a polycrystalline sample that 
Aeff = 1.23 Aaft provided that the anisotropy 7 = Ac/Aa6 > 5, which is gener- 
ally satisfied. They deduce: 

(7 [ps-i] = 7.086 X 10^ Xj [nm] ; (3) 

= 2.75 X 10® ng/mlf, [cm“®kg“^] . (4) 

Here Ug is the superfiuid density expressed as the density of single quasi- 
particles which contribute to the condensate, and m*j is the electronic ef- 
fective mass for ab plane transport. We stress that for an ideal homogeneous 
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superconductor in the absence of pairbreaking the low-temperature super- 
fluid density is expected to be equal to the carrier concentration. 

3 Superconducting Condensate Density 

The early pSR studies on the cuprates appeared largely confined to under- 
doped and near optimally doped samples. This led to the remarkable obser- 
vation by Uemura and coworkers [5,6] that, for a wide range of cuprates, 
and the low temperature depolarization rate are linearly related: 

Tc a (To oc a ns(T = 0)/m* , (5) 

where A and m are to be understood as \ab and mab ■ This relationship is 
shown in Fig. 3. This universal linearity was taken at the time to be evid- 
ence of the superconducting transition being a Bose-Einstein condensation 
of preformed real-space pairs [5] in which: 

Tc - Ep = Trh^n/m* (6) 

for a 2D free-electron gas. While this view continues to maintain some sup- 
port it is not upheld by heat capacity measurements. Dissociation of pairs at 
elevated temperatures would lead to a clear increase in entropy/T which is 
not evident [7]. Several alternative models have been shown to lead to this 
key Tc oc (Tq relationship (see [8] and references therein). 

For quite some time the expectation was that the superfluid density 
rig (T = 0) should continue to increase with growing carrier concentration in 
the overdoped regime. Experimentally it was found that rig was strongly de- 
pressed in the overdoped region so that Tc versus Ug {T = 0) follows a reentrant 
loop as shown in Fig. 4. This behavior was first demonstrated for Tl2Ba2Cu06+i 
[9-11] and later reproduced for Ybo.7Cao.3Bai.6Sro,4Cu307_i [12], a system, 
in which the hole concentration can be varied throughout the entire range 
from heavily underdoped to heavily overdoped. This behavior was modeled 
in terms of intrinsic pairbreaking progressively developing on the overdoped 
side [9,10] and providing an increasing density of normal-state carriers. This 
view was underscored by heat capacity measurements on the same samples 
of Tl-2201 [13] which showed the low-temperature linear coefficient of the 
electronic heat capacity, 7o , progressively rising with overdoping from zero 
towards the normal-state value, 7n , well above Tc . This increasing density of 
low-energy excitations is strongly suggestive of pair breaking. The suppressed 
condensate density was confirmed in Tl-1212, La-214 and in Ca-substituted 
RBa2Cu307_5 with R = Y and Yb [14] and may be considered to be a generic 
effect amongst the cuprates. More recent infrared reflectivity measurements 
on overdoped Bi-2212 confirm the reduction in and at the same time 
show a dramatic filling of the gap in a{ui) with overdoping and an increase 
in elastic scattering [15]. 
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Fig. 3. Tc plotted as a function of the pSR depolarization rate for underdoped 
cuprates showing the universal linear relation Tc ~ <to ~ ns/m* 



In contrast, YBa 2 Cu 307 _a develops a broad plateau as (5 — 0 (open 
circles in Fig. 4). An important structural aspect of this high-Tc-super- 
conductor is the presence of linear CuO-chains in addition to the Cu02- 
planes. We have argued, that upon full oxygenation the chains become metal- 
lic and rig rapidly increases due to the additional condensate density in- 
duced there [14,16]. To further elucidate this chain condensation we stud- 
ied a series of Yi_j,Caa;Ba 2 Cu 307 _i with x = 0.03, 0.06, 0.13, 0.2 and 
Ybo. 7 Cao, 3 Bai, 6 Sro, 4 Cu 307 _i . In this 1-2-3 system, hole doping of the Cu02 
planes is not only achieved by oxygenation of the CuO-chains but also by 
replacing Y^+ by Ca^+. With increasing Ca-content the complete oxygena- 
tion of the CuO-chains is thus shifted towards the overdoped regime. While 
for a; = 0 the final filling of the CuO-chains coincides with optimum doping 
in the planes {Tc^ax) ^nd one therefore observes the well known “plateau” in 
(To versus Tc , the “plateau” disappears gradually with increasing Ca-content 




Muon Spin Rotation Studies of Doping in HTSCs 

chain filling 



7 




Fig. 4. Tc/Tcmax plotted as a function of the pSR depolarization rate extending 
from the under- to overdoped region showing the generic re-entrant loop behavior 
on the overdoped side. The “plane + chain” samples of Yi_iCaxBa 2 Cu 307 -i are 
represented by (Q) for a: = 0, (•) - x — 0.03, (A) - x = 0.13, (□) - x = 0.2, and 
(■) for Ybo. 7 Cae. 3 Bai. 6 Sro. 4 Cu 307 -i . The broad plateau occurs for 5 < 0.15. Here 
(TO doubles as the chains become fully oxygenated. “Plane-only" samples are (♦) 
Tl 2 Ba 2 Cu 06 +« , (*) Yi_xCaxBa2Cu306.2Brx (x = 0 and x = 0.2) and the highly 
deoxygenated “plane + chain” samples (<5 > 0.3) 

and is completely absent for x = 0.2 and 0.3. In these compounds the planes 
are already overdoped when the additional chain-condensate is formed. 

To separate the chain and plane contributions to the superconducting con- 
densate density, we performed p.SR-experiments on samples with optimally 
doped Cu02-planes but with different degrees of chain filling. The results for 
(To versus oxygen deficiency S are shown in Fig. 5. For all samples with S > 0.3 
we observe the same value of cTo « 3.0(1) ps-\ which therefore represents the 
contribution of the Cu02 planes to the condensate density. The additional 
contribution due to the appearance of superconductivity in the chains is only 
observed for samples with lower oxygen deficiencies ((S < 0.25). The solid 
line is a fit by a model where the additional chain condensate is mobile just 
along the CuO-chains and rapidly destroyed by pair-breaking due to oxygen 
vacancies, which we assume to be randomly distributed. We deduce a chain- 
coherence length of ^ 0 *' = 5-6 nm and a pronounced in-plane anisotropy with 
Aa = 150nm and At as low as 80nm. Such an in-plane anisotropy for A;, and 
Aa is confirmed by microwave experiments [17]. 
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Fig. 5. The low temperature depolarization rate ao for optimally doped 
Yi_xCai:Ba 2 Cu 307 _i plotted as a function of the oxygen deficiency, S. (■) slightly 
overdoped YBa 2 Cu 307_6 for S = 0.02, 0.04 and 0.07; (•) optimized samples for 
X = 0, 0.03, 0.06, 0.13 and 0.20 and (*) YBa2Cu306.2Bri with Tc = 92 K. Open 
circles represent data for TmBa 2 Cu 307 -i . The solid line is a fit by a model where 
the chain condensate is mobile just along the CuO-chains and suppressed by pair- 
breaking effects that axe caused by randomly distributed oxygen vacancies 



Cu-NQR experiments provide information on the average length n of the 
ordered chain-fragments [18]. For (Y,Gd,Tm)-123 Liitgemeier et al. observe 
a sharp increase in n when 6 < 0.25, most probably because the oxygen va- 
cancies tend to form clusters. Comparing their data with our |tSR-results 
(open circles in Fig. 5) we find that the increase in n is correlated to the 
growth of the chain-condensate. Rather short chain fragments (due to a ran- 
dom distribution of the 0-vacancies) are found in case of NdBa 2 Cu 307 _i . 
Consequently, the observed cro“value of 2.85 ps“^ for NdBa 2 Cu 3 06.94 nearly 
equals that of a slightly underdoped “plane-only” sample. These results in- 
dicate that the chain-condensate is extremely sensitive on any disruption of 
the long range order in the CuO-chains. 

4 Antiferromagnetism and Superconductivity 
in HTS Cuprates 

Whenever the insulating composition of a given class of high Tc supercon- 
ductors is chemically stable, it generally exhibits long-range AF order that 
is rapidly destroyed by small amounts of doped carriers. Short-range 2D AF 
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correlations, however, persist into the superconducting regime. It is therefore 
of great importance to study the evolution of magnetism as more holes are 
doped into the Cu02 planes and to explore the interplay between short-range 
magnetic order and superconductivity. 

The zero-field (ZF) p.SR technique is especially suited for such studies 
since the positive muon is an extremely sensitive local probe able to detect 
internal magnetic fields as small as 0.1 mT and covering a time window from 
10“® s to about 10“^° s. Another advantage is the sensitivity of the muon 
probe to extremely short-ranged magnetic correlations. Systematic studies 
so far focused on the La-214 [19,20] and Y-123 [21,22] systems. In Y-123 
the phase diagram has to be drawn versus oxygen content and a reliable 
determination of p is difficult due to the rather complicated charge transfer 
from the CuO chains to the Cu02 planes. The Yi_xCaxBa2Cu306 system, 
i.e. with 6 = 1.0, avoids this complication, because hole doping is achieved by 
the substitution of Y^+ by Ca^+ . This allows one to directly control the hole 
concentration in the Cu02 planes in a quantitative manner and p = x/2. 

Representative ZF-p.SR time spectra are shown in Fig. 6. At low temper- 
ature and for p < 0.08, the time evolution of the muon spin polarization is 
well described by the Ansatz: 



Gz{t) = - cos(7^B^f -f #)exp 






+ 3 exp[-Af] 



( 7 ) 



where 7^ = 851.4 MHz/T is the gyromagnetic ratio of the muon, - the 
average internal magnetic field at the muon site and AB - its rms deviation. 
The two terms arise from the random orientation of the local magnetic field 
in a polycrystalline sample, which on average points parallel (perpendicular) 
to the muon spin direction with probability 1/3 (2/3) [1]. In analogy to NMR 
the dynamic spin lattice relaxation rate A = 1/Ti is given by 












(8) 



A slowing down of magnetic fluctuations typically causes a maximum 
of 1/Ti at cjf^Tc « 1, where is the p.+ Zeeman frequency, {Bf) - the 
mean of the square of the fluctuating transverse field components and Tc - 
their average correlation time. A processing 2/3 component indicates static 
magnetic order on the time scale of the pSR technique (tc < 10“®s). For 
p > 0.08 no oscillations were observed and the 2/3 part of Gz{t) was better 
represented by an exponential relaxation exp[— At] (see Fig. 6c), which may 
indicate either a very strongly disordered static field distribution or rapid 
fluctuations. 

For only lightly doped systems the Cu^+ spins and those of the holes order 
independently. As an example we discuss the data on Y0.94Ca0.06Ba2Cu3O6.02 
which are displayed in Fig. 7. Well below the 3D Neel temperature of Tn « 
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Fig. 6. ZF-|iSR spectra obtained at low temperatures (T < 1 K) for various degrees 
of hole doping in Yi_xCaxBa2Cu306.o2(i) and La 2 - 3 :SriCu 04 . Dotted curves are 
the fit to the data using (7) 



170 K a second magnetic transition occurs at a temperature Tf « 25 K. This is 
evident from the peak in the longitudinal relaxation rate 1 /T\ and the upturn 
of the muon spin precession frequency. A corresponding transition within the 
AF state has been reported recently from La-NQR [23] and pSR studies 

[24] on La,Sr-214 where T{ = (815 K) -p has been obtained for p < 0.02. This 
transition was ascribed to a freezing of the spins of the doped holes into a spin 
glass state which is superimposed on the preexisting 3D AF long-range order 
of the Cu^'*' spins. Interestingly, we find that the spin freezing temperature 
Tf exhibits the same linear dependence on the planar hole content for Y,Ca- 
123 and La,Sr-214 (see Fig. 8). According to the model of Gooding et al. 

[25] , in which k^Ti « JeftP, this implies that the effective in plane exchange 
coupling constant, Jeff , is identical for both systems and that the freezing of 
the spin degrees of freedom is a property of the hole dynamics within a single 
plane. The Neel-state, however, persists to higher hole content in Y,Ca-123 
(0 < p < 0.035) as compared to La,Sr-214 (p < 0.02). This suggests that 
the bilayer coupling makes the 3D AF-state more robust to the presence of 
doped holes. A similar result was reported from a *®Y NMR study of 

in Y,Ca-123 [26]. 
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Fig. 7. ZF-pSR results on Yo.94Cao.o6Ba2Cu306.o2(i) plotted as a function of tem- 
perature. a) The muon spin precession frequency and b) the longitudinal relaxa- 
tion rate 1 /Ti . The dashed line in a) represents a fit of the data with a power law 
(1 - T/Tn)'^ with P = 0.2 



Only a single magnetic transition into a short range AF correlated spin- 
glass like state is observed for p > 0.02 in La,Sr-214 and p > 0.035 in Y,Ca- 
-123. This transition is characterized by a slowing down of the AF fluctu- 
ations towards a glass transition which is defined by the maximum in 1/Ti 
(corresponding to a correlation time of the spin fluctuations of about 10“^ s). 
The spin-glass character of this magnetic state has been demonstrated re- 
cently for Lai, 96 Sro.o 4 Cu 04 where the susceptibility exhibits irreversible and 
remanent behavior and obeys scaling laws [27]. Tg is significantly higher due 
to bilayer interactions in Y,Ca-123 than in La,Sr-214. 

It is notable that spin-glass behavior is observed for both compounds up 
to about p = 0.11, the same point where static susceptibility, spin susceptibil- 
ity and heat capacity show the superconducting gap rapidly fills in. This also 
coincides with the 60 K plateau for a wide range of Ca- and La-substituted 
Y-123 samples and all of this features have been attributed to dynamic phase 
separation which freezes out at low temperature [28]. 
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Fig. 8. Magnetic phase diagram cis a function of the hole concentration per Cu02 
sheet for La 2 -a;Sra:Cu 04 {open symbols) and Yi_3;Car!:Ba2Cu3O6.02 (full symbols). 

a) In regime I two transitions are observed. The Neel temperatures Tn (squares), 
at which the Cu^"*" spins order into a 3D AF state and a freezing transition of the 
spins of the doped holes at Tf = (815 K) • Psh (circles, including data from [24]). Tg 
indicates a transition into a spin-glass like state (up triangles, regime II) with strong 
magnetic correlations which coexist with superconductivity in regime III. Diamonds 
represent the superconducting transition temperatures, b) Doping dependence of 
the normalized average internal magnetic field at the muon site. The star at psh = 
0.12 represents the data for Lai.58Ndo.3Sro.i2Cu04 . c) rms deviation AB. Data in 

b) and c) are for T < 1 K 
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In the picture of electronic phase separation the underdoped cuprates 
evolve on doping into a phase with hole poor antiferromagnetic islands sep- 
arated by grain boundaries of a hole rich “metallic” phase [29]. It is tempting 
to identify the antiferromagnetic island phase with domain size L{p) ~ 

(p-i/2 jg the average distance between two holes) with the spin glass phase. 
In this case the spin glass transition temperature should be given by Tg ~ 
Jxyiio/af ~ 1/p in qualitative agreement with the experiment. 

The spin glass regime extends far into the SC state (regime III). For 
strongly underdoped SC samples with 0.06 < Psh < 0.01 we still observe 
a freezing of the spin degrees of freedom. Except for the somewhat smaller 
ordering temperature the signature of the transition is the same as for the 
non-SC samples in regime II. From the amplitude of the rapidly damped 
muon spin polarization (see Fig. 8b,c) we can obtain information about the 
volume fraction of the magnetically correlated regions. We find that all the 
muons stopped inside the sample experience a non zero local magnetic field, 
which implies that the magnetic order persists throughout the entire volume 
of the superconducting sample. The magnetic ground state may still be in- 
homogeneous but the size of the non magnetic hole rich regions must be 
smaller than the typical length scale (about 2nm) of the p.SR experiment. 
By decoupling experiments in a longitudinal field we have confirmed the static 
nature of the magnetic ground state [30]. From transverse field measurements 
we find that the flux line lattice which is formed below Tc > Tg extends 
throughout the entire volume of the sample [14]. Note, that these results are 
markedly different from the p.SR results that have been obtained on the “su- 
peroxide” La 2 Cu 04 ,i 3 where long range oxygen diffusion leads to macroscopic 
phase separation with an average domain size of about 300 nm [31]. In this 
compound finite size effects are negligible and the hole poor phase (40% of 
the volume fraction) displays a temperature dependence and absolute values 
of the internal fields identical to those in stoichiometric La 2 Cu 04 . Simultan- 
eously, a flux line lattice forms only within the hole rich regions which account 
for the remaining 60% of the volume [32]. As described above, our present 
pSR results are fundamentally different and indicate a microscopic coexist- 
ence of the AF and SC order parameter. We want to stress that identical 
magnetic behavior is observed for both the single layer system La,Sr-214 and 
the bilayer compound Y,Ca-123. 

The consistency of our results suggests that the coexistence of SC and 
AF order is an intrinsic property of the Cu02 planes and not an artifact of 
chemical or structural impurities. Our data show that the strength of the 
AF correlation is determined solely by the hole content of the Cu02 planes 
and does not depend on the concentration of dopant atoms. For a given hole 
content the number of dopant atoms (Ca^+ or Sr^+) is twice the number in 
Y,Ca-123 compared to La,Sr-214. 

In contrast to Tg which evolves rather smoothly, the internal magnetic 
field at the muon site exhibits a strong change for psh ~ 0.06 - 0.08 as one 
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enters the SC regime. The change in slope is rather significant and indicates 
a distinct change in the ground state properties of the Cu02 planes. From 
the p-SR experiment alone we cannot decide whether it is the competition 
between the AF and the SC order parameter or an underlying change of the 
electronic properties of the Cu02 planes which causes the suppression of the 
internal field. Further experiments will be required in order to clarify if the 
SC order parameter is affected by the static AF correlation. 

Notably, the AF correlation is fully restored at psh ~ 1/8. A depression 
of Tc at this hole concentration at first appeared to be uniquely present in 
La2_xBaa;Cu04 [33], but recent studies on La2-xSrxCu04 [34] have shown 
the presence of a shallow cusp at the same doping level and this behavior may 
also be related to the 60 K plateau in Y- 123 [35]. Detailed pSR studies [36] by 
Luke et al. and Kumagai et al. show that at this doping level static magnetic 
order is restored at temperatures below 35 K. Tranquada et al. [37] showed 
that the static order in Lai.6-o.i25Ndo,4Bao,i25Cu04 comprised a spatial sep- 
aration of the spin and charge into AF stripes three lattice spacings wide (hole 
poor) separated by antiphase domain boundaries of one lattice dimension 
where the doped holes reside on every second site. If we consider a picture in 
which a stripe phase were to be established through connectivity of the hole 
doped regions already existing in region II, the averaged internal magnetic 
field is expected to be 75% of the value of the undoped compound. Interest- 
ingly, this value is observed for both the SC compound Lai.93Sro,o7Cu04 and 
the non-SC static stripe phase compound Lai,58Ndo.3Sro,i2Cu04 . 

In summary we have presented a magnetic phase diagram for the single 
layer system La2-xSrxCu04 and the bilayer compound Yi_3,CaxBa2Cu306 . 
We observe a common phase diagram as a function of hole doping per Cu02 
plane. In the 3D AF regime at low doping concentrations, well below , 
we observe a freezing of the spin degrees of freedom of the doped holes at 
a temperature Tf , which increases linearly with the number of doped holes in 
both systems suggesting that the hole dynamics in a single plane is responsible 
for the observed behavior. Due to plane to plane correlations this regime 
extends to higher hole concentrations in the bilayer system. For higher doping 
levels (regime II), we observe a single magnetic transition into a spin glass 
like state with Tg(Y,Ca-123)> Tg(La,Sr-214) and extending well into the 
superconducting regime III. The evolution of the internal magnetic field with 
doping is understood on the basis of a microscopic phase segregation of the 
doped holes into hole rich and hole poor regions. We observe a microscopic 
coexistence of superconductivity and frozen antiferromagnetic correlations at 
low temperatures for underdoped samples. 

5 Conclusions 

As an internal probe of the local fields in HTS cuprates the pSR technique 
has proved to be a powerful tool for revealing many generic features in the 
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magnetic phase behavior of these materials and the systematic changes in 
superfluid density with doping and substitution. Many of these were quite 
new results with important implications for the origins and physics of super- 
conductivity while, for others, p.SR played a complementary role. In all cases 
the strength of the technique has been in investigating a systematic series of 
samples with progressive doping of one sort or another where spurious impur- 
ity phases and grain boundary effects do not affect the intrinsic response. The 
list is impressive: penetration depths, proximity-induced superconductivity, 
temperature- and scattering-dependent superfluid density, the symmetry of 
the order parameter, local moments and coexisting magnetism and supercon- 
ductivity. 
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Abstract. We probe the dynamic nature of driven vortex motion in superconduct- 
ors with a new type of transport experiment. An inhomogeneous Lorentz driving 
force is applied to the sample, inducing vortex velocity gradients that distinguish 
the hydrodynamic motion of the vortex liquid from the elastic and plastic motion 
of the vortex solid. We observe elastic depinning of the vortex lattice at the critical 
current, and shear induced plastic slip of the lattice at high Lorentz force gradients. 



1 Introduction 

The melting of the vortex solid to a liquid is one of the most basic phenomena 
in high temperature superconductivity. This fundamental phase change from 
order to disorder induces novel behavior in the structural, electrodynamic, 
and thermal properties of superconductors. The phase transition itself has 
many fascinating aspects, including first and second order thermodynamic 
character, upper and lower critical points, an associated peak effect in the 
critical current, strong angular dependence, and sensitivity to pinning dis- 
order. (For reviews, see Refs. 1-5.) Strong interest in the nature of melting 
has stimulated creative experiments on the resistivity, [6-12] magnetization, 
[13-17] and heat capacity [18-23] at the transition. These experiments provide 
valuable information on the thermodynamic properties of melting, and on the 
dramatic differences in pinning strengths and critical currents of the solid and 
liquid vortex phases. 

There are equally interesting dynamic properties associated with the vor- 
tex phases. In the liquid state, vortices are free to move past each other in 
response to variations in the driving and pinning forces they experience. The 
resulting motion is hydrodynamic, where the velocity profile changes continu- 
ously on the scale of the intervortex distance. Hydrodynamic motion can be 
described by differential equations which provide a complete picture of the 
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velocity distribution if the driving force and boundary conditions are known 
[24-26]. In the solid vortex states, however, elastic bonds between vortices 
prevent vortices from moving past each other [27], If the bonds do not break, 
the vortex system moves as a single elastic object with one average velocity 
for all vortices. If shear forces are large enough to break the elastic bonds, 
planes or surfaces of plastic slip are introduced where the velocity profile 
changes abruptly. The elastic character of the moving solid is the funda- 
mental feature distinguishing it from the hydrodynamic motion of the liquid. 
The elastic shear modulus of the solid resists an applied shear stress by con- 
straining neighboring vortices to move at the same velocity, while the liquid 
accommodates an applied shear by allowing neighboring vortices to move at 
different velocities. 

Conventional transport experiments where the vortex system is driven 
with a spatially uniform Lorentz force are only weakly sensitive to the differ- 
ences between liquid and solid motion. In the absence of pinning, the liquid 
and solid move with uniform velocity and their differing response to shear 
forces plays no role in the motion. Pinning disorder introduces shear forces 
and velocity profiles that in principle could distinguish liquids from solids. 
However, the velocity differences are averaged out on the scale of the pinning 
disorder, typically well below the spatial resolution of transport experiments. 

In this article, we describe a new class of transport experiments where 
the vortex system is driven with an inhomogeneous Lorentz force [28]. The 
response of the vortex system to the gradient in the applied driving force re- 
veals the fundamental signatures of liquid and solid motion. We demonstrate 
a qualitative change in the character of the motion at the vortex melting 
transition, and we show explicitly that the moving vortex lattice maintains 
dynamic coherence over distances of order the sample size. We use a high 
driving force gradient to introduce plastic slip surfaces into the moving lat- 
tice and we see the number of slip surfaces increase with the strength of the 
applied shear stress. 



2 Controlled Gradient Transport 

Our experiments are carried out in the disk geometry illustrated in the in- 
set of Fig. 1. Current is injected at the center of the disk and removed at 
the circumference through gold electrodes evaporated onto the sample. In 
this geometry the current flows in the radial direction, with inhomogeneous 
magnitude J(r) = I/{2nrt), where t is the sample thickness. The Lorentz 
force due to this current drives vortices azimuthally in circular orbits around 
the disk. Vortices in these orbits never encounter the sample surface, ensur- 
ing that the measured transport properties reflect only bulk vortex behavior 
unaffected by entry and exit effects. Bean Livingston barriers, or surface 
pinning. The inhomogeneous current distribution produces a Lorentz force 




Dynamic Signatures of Driven Vortex Motion 



19 



gradient varying as 1/r^. This gradient introduces a spatially varying shear 
stress which probes the dynamic response of the liquid and solid phases. 







120 160 200 240 




T(K) 



Fig. 1. Upper panel: the measured voltages in the normal metallic state for the 
three sets of voltage taps indicated in the inset. Lower panel: The measured voltages 
scaled by (1) of the text. The collapse to a single curve verifies the 1/r dependence 
of the applied current density 



Our experiments were carried out on untwinned YBa 2 Cu 30 a; crystals 
carefully polished into disk geometries, of diameter approximately 700 pm 
and thickness 10 pm. Voltage leads were placed along a radius of the sample 
at intervals of approximately 60 pm from the center current electrode and 
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each other, as indicated in the inset of Fig. 1 . Transport measurements were 
made with standard ac and dc methods. Further details of the experiment 
may be found in Ref. 28. 

3 Normal Metallic State 

The upper panel of Fig. 1 shows the voltage measured between pairs of voltage 
leads as a function of temperature at zero field in the normal state below 
240 K. The voltages decrease with increasing radius, reflecting the decreas- 
ing current density in the disk geometry. In the normal state with Ohmic 
resistivity p = E/ J, the voltage as a function of radius is given by 

Fn + 1 

K.„+i = I E{r) dr = ^ In 

r-n 

The voltages scaled by the logarithmic term on the right should collapse 
onto a single line characteristic of the resistivity. The lower panel of Fig. 1 
shows the scaled voltages. Their collapse to a single line confirms that the 
current density falls off like 1 /r as expected for the disk geometry. 

4 Vortex Liquid State 

In the superconducting state in finite field, the transport voltage arises from 
the motion of vortices driven by the Lorentz force. Here the electric field is 
not directly related to the current density as in the normal state. Instead, 
the electric field is governed by the vortex velocity through 

E = B X v/c . (2) 

The vortex velocity, in turn, is determined by the balance between the 
Lorentz driving force and the pinning forces opposing the motion. In the liquid 
state, the velocity is given by the solution to the hydrodynamic equation 

-qu + 77Vj_u + Fl = 0 , (3) 

where rj is the shear viscosity and 7 the dynamic friction opposing the vortex 
motion. The solution of the hydrodynamic equation for the disk geometry is 
given by Marchetti and Nelson [26]. They discuss a method of measuring the 
dynamic correlation length from the velocity profile in the vicinity of a no-slip 
boundary condition as might be imposed by the sample edge or an extended 
pinning structure. Here we consider the free response of the vortex liquid far 
from any boundary conditions. In this region, a 1/r driving current induces 
a 1/r velocity profile. Physically this means that the velocity of the liquid 
follows the local driving force. The liquid fully accommodates the applied 
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shear force by adjusting its velocity accordingly. This fundamental property 
of hydrodynamic motion can be directly observed in our experiment. 

The electric field induced by the vortex motion in the liquid is E{r) = 
Bv{r)/c = {Bipfc^)J{r) = p{J(r), where pf is the flux flow resistivity. This 
is the same form as for the normal state, with the Ohmic resistivity replaced 
by the flux flow resistivity. Thus hydrodynamic scaling follows (1) with p 
replaced by p(. 
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Fig. 2. Upper panel: the measured voltages of the taps shown in the inset in the 
vortex liquid state as a function of temperature in a magnetic field of 4 T. Lower 
panel; the measured voltages scaled according to (1) of the text with the resistiv- 
ity p replaced by the flux flow resistivity p{ . The scaling of the three curves is 
a characteristic feature of hydrodynamic flow 

The upper panel of Fig. 2 shows the measured voltages in the vortex 
liquid state, as a function of temperature for applied fields of zero and 4 T. 
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The voltages decrease with radius, indicating that the vortices circulate at 
lower velocity as the radius increases. The lower panel of Fig. 2 shows the 
same voltages scaled according to (1) and expressed as flux flow resistivity. 
The three curves collapse to a single curve, demonstrating the long range 1/r 
velocity profile characteristic of hydrodynamic motion of the liquid. 

5 Vortex Lattice State 

In the vortex lattice, the shear viscosity of the liquid is replaced by shear 
elasticity. The elastic bonds between neighboring vortices require them to 
move with the same velocity as long as the bonds remain intact. Velocity 
changes can occur, however, by plastic shear where the elastic bonds between 
neighboring vortices are broken. Thus the smooth variation of the velocity on 
the scale of intervortex distances is eliminated and the motion is no longer 
hydrodynamic. The change from hydrodynamic flow to solid-like flow appears 
in the experiment as a failure of the hydrodynamic scaling. This is shown 
in the upper panel of Fig. 3, where the measured voltages are shown in 
the vicinity of the melting point. Just below the melting point Tm there is 
a break in the curves (marked by an arrow in Fig. 3) indicating a slowdown in 
the vortex velocity as the shear elasticity of the lattice enhances its pinning 
effectiveness. Below this break the three curves begin to approach each other, 
eventually crossing in pairs. At lower temperatures, the order of the curves 
is reversed, with the outer vortices traveling faster than the inner ones. This 
order is opposite to that of the liquid phase and it cannot be described by 
hydrodynamic motion. 

The nature of the motion in the lattice phase is revealed in the lower 
panel of Fig. 3. Here the measured voltages are scaled according to elastic 
rotation. If the lattice rotates elastically, the velocity of any vortex is linearly 
proportional to its radius and the rate of rotation, v{r) = cur. Then the 
electric field is E{r) = Bujric, and the voltage between taps is given by 

f’n + 1 

Vn,n+1 = J E{r) = ^ - rlj . (4) 

rn 

The lower panel of Fig. 3 shows the voltages scaled by (4) and plotted 
as the angular velocity u>. At the break in the curves just below , the 
angular velocity of the lattice sampled by the three sets of voltage taps begins 
to equalize. This marks the termination of hydrodynamic flow with its 1/r 
velocity scaling, and the onset of plastic flow. At lower temperature, the 
three curves collapse to a single curve. Here the lattice rotates elastically 
with a single angular velocity. The degree of dynamic correlation in this 
regime is remarkable - the dynamic correlation length exceeds the distance 
between the innermost and outermost voltage taps. The velocity correlation 
is macroscopic, of order the size of the sample. 
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Fig. 3. Upper panel: measured voltages in the vortex lattice state for three pairs 
of taps indicated in the inset of the lower panel. Results for two transport currents 
are shown. 0.5 mA is below the critical current of the lattice, while 15 mA is above 
the critical current and drives the lattice into motion. Tm indicates the melting 
temperature and the arrow indicates the loss of hydrodynamic motion on cooling. 
Lower panel: the measured voltages scaled according to (4) of the text and expressed 
as rotational velocity. The collapse to a single curve at low temperature indicates 
elastic rotation of the lattice with a single angular velocity 
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In the temperature range between the hydrodynamic and elastic motion, 
there is an interesting region of plastic motion reflecting the influence of 
the shear elasticity of the lattice. Here there is a competition between the 
shear modulus of the lattice favoring a constant angular velocity and the 
shear component of the Lorentz force favoring faster rotation of the inner 
vortices over the outer ones. Neither has sufficient strength to dominate the 
other, with the result that the lattice moves at short range in elastic flow 
interrupted by plastic slip surfaces which relieve the applied shear stress over 
large distances. As the temperature decreases and the rotation slows down, 
the shear elasticity of the lattice gradually overcomes the applied shear stress, 
and the dynamic correlation length grows until the entire lattice rotates as 
a single elastic object. 

The nature of plastic motion in the rotating lattice can be seen by fol- 
lowing the rotational velocities as measured by the inner, center, and outer 
sets of voltage taps as the driving shear stress is increased. Figure 4 shows 
I — V curves for the three pairs of voltage taps plotted as angular velocity 
at two temperatures in an applied magnetic field of 5T. Below the critical 
current, the lattice is stationary. At the critical current, vortices depin and 
begin to move in circular orbits. The depinning process itself is interesting in 
this crystal. Figure 4 shows that the lattice rotates elastically immediately 
on depinning, as indicated by the single angular velocity sampled by all three 
pairs of voltage taps. Conventional transport experiments cannot distinguish 
between this kind of elastic depinning and the more familiar plastic depinning 
where the weakly pinned vortices begin to move while the strongly pinned 
ones remain at rest. 

In elastic rotation the lattice is under shear stress since the driving force 
distribution varying as 1 /r is out of balance with the velocity distribution 
varying as r. This shear stress is accommodated by elastic distortions in the 
rotating lattice. As the driving current increases, the shear stress also in- 
creases, until it exceeds the elastic limit of the shear modulus. At this point 
the shear stress is relieved by plastic slip in the lattice at a fixed radius, 
and the entire lattice no longer rotates with a single angular velocity. This 
effect can be seen in Fig. 4, where the angular velocities sampled by the three 
voltage taps separate as indicated by arrows. The inner section of the lattice 
is the first to shear, as the angular velocity sampled by the inner taps rises 
above the others. The faster rotation of the inner section is consistent with 
the larger driving force there, and it partially relieves the shear stress in the 
rotating lattice. At this point plastic slip has occurred only in the innermost 
section, with the outer two sections rotating elastically with a common angu- 
lar velocity. As the gradient of the driving force continues to increase, plastic 
slip interrupts the coherent motion of the center and outermost sections, as 
indicated by the second arrow in Fig. 4. These data reveal the onset and evol- 
ution of plastic motion under increasing shear stress. The lattice separates 
into concentric rings, each rotating with successively slower angular velocity 
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Fig. 4. / — V characteristics for the vortex lattice at the field and temperatures 
indicated. The solid line indicates the voltage between the inner taps, the filled 
circles that between the center taps, and the open squares that between the outer 
taps. Arrows indicate the onset of plastic slip 



as the radius increases. As the shear stress increases, more fault lines are 
introduced into the lattice, reducing the radial dynamic correlation length at 
each step. 

The transformation of elastic flow to plastic flow by the introduction of 
slip lines can be visualized on the driving force-temperature phase diagram of 
Fig. 5. Here the regions of pinned solid, elastic rotation, and shear induced slip 
at 5 T as a function of temperature and driving force are shown. The critical 
current as a function of temperature defines the boundary between the pinned 
solid and elastic rotation. At higher driving force the first observable shear 
induced slip occurs between the inner set of taps and the center and outer 
sets of taps, indicated by the first arrow in Fig. 4. The middle line in Fig. 5 
shows the temperatures and driving forces where this slip occurs at 5 T. The 
highest lying line indicates the onset of slip between the center and outer sets 
of voltage taps. The critical currents for depinning and the onset of plastic 
shear all approach zero at the melting temperature. Here the shear modulus 
of the lattice disappears, the motion becomes hydrodynamic, and the velocity 
adjusts to the driving force gradient on the intervortex length scale. 
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T(K) 

Fig. 5. Phase diagram showing regions of the pinned lattice, elastic rotation, pl^lstic 
rotation, and hydrodynamic motion as a function of driving force and temperature. 
The middle and upper lines correspond the to the first and second arrows in Fig. 4, 
respectively 



One interesting question is the nature of the transition from solid to li- 
quid in the presence of strong shear induced slip. As the applied shear stress 
increases the lattice adjusts by increasing the radial density of plastic slip 
lines. The physical limit for this process is one slip line per radial intervor- 
tex spacing, allowing velocity changes on the same length scale as in hydro- 
dynamic motion. The difference between this high density plastic slip and 
hydrodynamic flow is an interesting basic question. 

6 Summary 

We describe a new type of transport experiment where an inhomogeneous 
current density is applied to the sample to produce a gradient in the Lorentz 
driving force. The vortex velocity profiles induced by the driving force gradi- 
ent reveal fundamental features of the dynamics of the driven motion. The 
measured velocity profiles distinguish hydrodynamic motion of the vortex li- 
quid from elastic and plastic motion of the solid. Elastic depinning of the 
vortex lattice at the critical current is observed, implying that the elastic 
bonds between vortices dominate the random pinning forces in our crystal. 
By controlling the driving force and its gradient, we regulate the number of 
shear-induced plastic slip lines in the moving lattice. The various pinned, 
plastic, and elastic dynamic states of the vortex lattice and hydrodynamic 
flow of the liquid are visualized on a driving force-temperature phase dia- 
gram. 
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The controlled gradient transport experiment described above offers new 
opportunities to explore the basic features of the vortex phases in supercon- 
ductors. We have examined the responses of the vortex liquid and lattice 
to a gradient in the driving force, finding characteristic signatures of the 
underlying viscous or elastic natures of these phases. The response of the 
disordered vortex states such as the vortex and Bose glasses, and of vortex 
liquid states that are strongly pinned or entangled promises new insights into 
their fundamental static and dynamic character. 
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Abstract. By using the knowledge accumulated during last decade about the rela- 
tionship between the structural features and the superconducting properties we have 
attempted to design an improved Y123 material that would display an increased 
superconducting transition temperature, Tc , and enhanced critical current, Jc , and 
irreversibility fields, Bhr ■ Chemical substitutions on various crystallographic sites 
were made to reduce the buckling of the Cu02-planes. Substitutions of Sr for Ba 
and transition elements for copper were made to shorten the distance between 
the double-Cu02-planes while preserving the “metallicity” of the blocking layer. 
The synthesis and annealing conditions were optimized to obtain the highest Tc . 
Improved critical currents and irreversibility fields were found for (Ndi-xLaa;)123 
and YBaSrCua-yMOyOr+d compounds. The existence of these materials indicates 
that it is possible to further enhance superconducting properties of YBa 2 Cu 307 
materials by clever design of the crystal chemistry. 



1 Introduction 

Since its discovery in 1987, the YBa 2 Cu 307 (Y123) high temperature super- 
conductor has been the subject of vigorous research of fundamental physical 
properties and a prominent candidate material for power and magnet ap- 
plications. Interest for applications has emerged because the parameters of 
practical importance, the critical current, Jc , and the irreversibility fields, 
Birr , remain quite large in intense magnetic fields at 77 K for Y123 [1]. These 
attractive intrinsic parameters can be further enhanced by the complex melt- 
texturing processing that generates a grain-aligned material with finely dis- 
persed extrinsic fiux pinning centers [2]. 

For several years we have studied the chemical and structural features that 
control the superconducting Tc , concluding that the Tc’s of optimally doped 
materials with the same number of the Cu02-planes are proportional to an 
easily measured parameter, the distance between the planar Cu and the apical 
0 atoms, d(apical) (see Fig. 1 for the definition of the relevant structural 
parameters) [3]. The distance d(apical) is inversely related to the buckling 
of the Cu02-planes; so, as a consequence, the compounds with the longest 
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d(apical) and flat Cu02-planes have the highest Tc’s [4]. Y123 has a short 
d(apical) and relatively heavily buckled double-Cu02-planes; therefore, it 
would be expected that the Tc = 93 K of Y123 could be increased if d(apical) 
could be increased by chemical substitutions. 

Recently, we have also investigated how intrinsic superconducting para- 
meters Jc , and B\„ depend on the structural characteristics for compounds 
with multiple-Cu02-planes. In particular, we focused interest on the struc- 
tural features and physical properties of the blocking layer in the crystal 
structure [5]. By comparing Jc and B,rr for several families of HTSC, we 
have concluded that the intrinsic flux pinning is controlled to a large extent 
by the conductivity of the blocking layer. The width of the intermediate- 
region (the layer between the multiple-Cu02-planes consisting of the block- 
ing layer, d(block), and twice the distance between the planar Cu and apical 
0) is less significant. The number of adjacent Cu02-planes is of least import- 
ance. Thus, high Jc and B\rr of Y123 arise mostly from a strong intrinsic flux 
pinning that originates from a short and metallic blocking layer that provides 
effective coupling between the successive double-Cu02-planes. 



Cu02 



Y, Ca 



Cu02 



Ba, Sr 



Cu, Hg, 



Ba, Sr 



Cu02 




d(intra) 



d(apical) 



d(block) 



d(inter) 



Fig. 1. Schematic structure of the double Cu02-plane compounds with a single 
metal-oxygen layer in the intermediate region [3] 



During the last 10 years numerous chemical substitutions were attempted 
to increase Tc and improve the superconducting properties of Y123. While 
some substitutions of large rare earth’s (Nd, Sm, Eu) for Y were found to 
increase the onset of Tc to 96 K [6], all substitutions for Cu produced inferior 
materials [7]. The increased Tc’s together with the recently found improved 
Jc and Birr of Ndl23 [8] led to intense current research on RE123 materials. 
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We have studied several substitutions on distinct crystallographic sites in the 
Ndl23 compound: Sr, La, and Ca for Ba, La and Ca for Nd, and Mo®+, V®'*’, 
Ti'*'*', Fe^"*", and Co^”^ for Cu. None of these substitutions lead to an increased 
Tc . Superconducting parameters were investigated by magnetic ac susceptib- 
ility and dc magnetization measurements for materials with the highest Tc’s 
for each substitution. Improved irreversibility fields were observed only for 
(Ndi_iLax)123 with x = 0.1 — 0.25. 

We have performed a similar exploration of the Tc’s for substituted 
J?EBa 2 -xLaxCu 307 materials. Several synthesis and annealing methods were 
attempted to control the preferential site substitution of La for Ba and to 
tune the oxygen content to achieve the highest Tc. We have found that the Tc 
of most of the JRE123 can be increased to 94-95 K. To achieve these increased 
Tc’s, moderate amounts of the substituted La (x « 0.1) were required for the 
smaller ionic-size RE = Y and Yb. For the larger ionic-size RE = Gd and 
Sm the increase of Tc was attained at the lower substitution levels. Materials 
with the highest Tc’s are currently being studied to determine Jc and jB,rr . 

Recently, we have utilized the acquired knowledge of the relationship 
between structural and superconducting properties to design the Y123 mater- 
ials with a shorter intermediate region and conserved magnitude of d(apical) 
[9]. Simultaneously we have attempted to preserve the “metallicity” of the 
blocking layer by substituting small ionic-size and multivalent elements for Cu. 
We have investigated the Y123 materials substituted with a smaller Sr in 
place of the larger Ba in the intermediate region of the structure and with 
transition elements substituted for Cu. It was found that during synthesis in 
air several transition elements preferentially substitute for Cu in the block- 
ing layer (on the Cu-chain site). In particular, it was found that Mo shows 
a wide range of solubility and that the Mo-substituted materials are easy 
to synthesize and can be annealed at elevated oxygen pressure to increase 
Tc. The synthesis conditions and compositions were optimized to obtain the 
highest Tc’s for the double-substituted YBa 2 _xSrxCu 3 _j,MoyOx compounds. 
The X = 2 compound can be synthesized only for y 0.2 and is tetragonal 
with Tc < 40 K. Using annealing at high oxygen pressure, the oxygen content 
was increased to z « 7.30. The Tc’s were increased to « 77K by the concur- 
rent substitution of small amounts of Ca for Y. For the YBaSrCu 3 _yMoyOx 
(x = 1) compounds, the highest transitions, Tc « 86 K, were obtained for 
y = 0.05 — 0.10 after high oxygen pressure anneals. The x = 1 materials are 
orthorhombic for i/ < 0.1 and tetragonal for j/ > 0.1. The scaled irreversibil- 
ity fields are comparable to pure Y123. The structural studies indicate that 
the enhanced flux pinning properties may arise from a shorter width of the 
intermediate region and from the randomly distributed defects, dimmers of 
corner shared Mo-Oe octahedra in the blocking layer that may act as the 
intrinsic flux-pinning centers. The Mo-substituted YBaSrCus-yMoyOz ma- 
terial is the first example of an improved superconducting 123 compound by 
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substitution of a transition element for Cu. It provides a hint that similar 
improvements can be also obtained for YBa 2 Cu 307 . 

2 Synthesis and Experimental Details 

Polycrystalline samples were synthesized from a stoichiometric mixture of 
oxides and carbonates. Samples were fired several times in air or controlled 
oxygen pressures for several days at increasing temperatures, checked for 
phase purity, annealed under several oxygen pressures and temperatures, and 
checked for Tq ■ The high pressure anneals were done for 12 hours in 20% O 2 
in argon at a total pressure of 3kbar (600 atm. O 2 pressure) at 950 - 1100°C 
or in pure oxygen (250-300 atm. O 2 ) at 400 — 900 °C followed by slow cool- 
ing (0.2deg/min.) to room temperature. Sample homogeneity was checked 
by powder X-ray diffraction. Neutron powder diffraction data were obtained 
using the Special Environment Powder Diffractometer (SEPD) at Argonne 
National Laboratory’s Intense Pulsed Neutron Source (IPNS). The grain 
sizes and shapes were examined by a Hitachi Scanning Electron Microscope 
(SEM) . Susceptibility and magnetization measurements were performed with 
a Quantum Design PPMS system. Resistivity was measured using a standard 
four-lead dc method. 

3 Results and Discussion 

3.1 Substituted Ndl23 Compounds 

Among the RE123 materials, the Ndl23 compound has the highest onset 
« 96 K. Formation of the stoichiometric Ndl23 compound requires synthesis 
at a reduced pressure of oxygen near 1000 °C to suppress the substitution 
of Nd for Ba that may lower Tc ■ Numerous studies have established that 
synthesis at 0.1 — 1% O 2 followed by a prolonged annealing in pure O 2 at 
300 °C is optimal for obtaining stoichiometric Ndl23 with the highest Tc . 
The choice of the oxygen pressure and temperature is important because in 
addition to controlling Tc it may also affect the inter-grain coupling. To es- 
tablish the most favorable synthesis conditions for both pure and substituted 
Ndl23 materials we have synthesized several samples at various oxygen pres- 
sures and temperatures. Figure 2 shows the resistivity of several single-phase 
samples of Ndl23 that were prepared in 1% O 2 around 1000 °C and then 
annealed in O 2 at « 300 °C. All samples showed Tc’s of 94-95 K but the 
width of the superconducting transition and the magnitude of the resistiv- 
ity varied considerably. The sharpest superconducting transition, the largest 
resistivity ratio, i?(300)/i?(100), and the lowest magnitude of the resistivity 
were obtained for a sample fired at 1000 °C, indicating that the best inter- 
grain coupling was obtained for that sample. Figure 3 shows the real, and 
imaginary, x” y components of the ac susceptibility for the solid pieces of the 
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samples fired at 980, 1000, and 1030 °C. The inter- and intra-grain contribu- 
tions to the susceptibility are clearly separated into the higher- Tc intra-grain 
and lower-Tc inter-grain components, confirming that the synthesis in 1% O 2 
at 1000 °C is optimal for obtaining high Tc and good transport properties that 
are only weakly affected by the grain boundaries. 




Temperature (K) 

Fig. 2. Resistivity as a function of temperature for the Ndl23 samples prepared in 
1% O 2 at several temperatures (980 — 1030 °C) and then annealed in pure O 2 at 
about 300 °C 

Synthesis of substituted Ndl23 compositions was carried out using similar 
conditions of the temperature and oxygen pressure. We have studied several 
substitutions on the Ba and Nd sites: Sr(5-15%), La(0-5%), and Ca(0-10%) 
for Ba, and La(0-50%) and Ca(0-2.5%) for Nd. All these compositions were 
single-phase according to the X-ray diffraction; however, none of them led 
to an increase the onset of Tc above 96 K. Figure 4 shows the normalized 
resistance near the superconducting transition for selected compositions and 
for pure Ndl23 and Y123. With an exception of the (Ndo.rsLao. 25)123 mater- 
ial, all substituted samples show sharp transitions and lower superconducting 
Tc’s than Ndl23. The onset of Tc for the (Ndo.75Lao,25)123 material is slightly 
higher than for the pure Ndl23, but the broad two-step transition suggests 
the presence of two superconducting phases. 

Superconducting parameters were investigated by ac susceptibility, X: and 
dc magnetization, M, measurements for materials with the highest Tc’s for 
each substitution. Solid pieces as well as powdered samples with masses of 
about 100 mg were used for both x and M measurements. For solid samples, 
measured at zero dc field, a 1 Oe ac field was large enough to separate 
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Fig. 3. Real, x^ and imaginary, x”, components of the ac susceptibility for the 
solid pieces of the Ndl23 samples prepared at 980, 1000 and 1030 °C 



the higher-Tc intra-grain and lower-Tc inter-grain components. To remove 
the inter-grain contribution from the diamagnetic signal, solid pieces were 
powdered and measured again. Calculation of the intra-grain persistent crit- 
ical currents was then done from the magnetization loops. The irreversibility 
field B\„ was obtained from dc magnetization by measuring the fields at 
which the magnetic hysteresis for the M{B) loops disappears at a constant 
temperature using a criterion AAttM = 0.05 G. Irreversibility lines are shown 
in Fig. 5 for several Ndl23 substituted compounds. The highest irreversib- 
ility lines and the largest slopes d.Birr/dT, that indicate the strongest flux 
pinning, were obtained for (Ndo rsLao, 25)123 samples. The Birr(T) line for 
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Fig. 4. Normalized resistance near the superconducting transition temperature for 
pure Y123 and Ndl23, and for several substituted Ndl23 compounds 



that sample is placed about 0.5 — IT above the line for the Ndl23 sample. 
Similar improved irreversibility fields were observed for the (Ndi_xLax)123 
samples with x = 0.1 — 0.25. This is probably the result of extrinsic flux pin- 
ning, possibly originating from the phase separation. It is noteworthy that 
the (Ndo.ggCao. 02)123 material has a Birr(T) line similar to that of Ndl23 
despite its lower Tc ■ 

Substitutions of a wide range of transition elements, that occur in multiple 
oxidation states, Mo®+, V^+, Ti‘*+, Fe^+, and Co^+, for Cu produced mater- 
ials containing visible amounts of second phases. Alteration of the synthesis 
conditions of oxygen pressure did not improve the purity of the samples. 
After annealing in oxygen, the Tc’s of these materials were markedly lower 
than 96 K and transition widths were very broad. We did not measure the 
critical superconducting properties for these samples. 

3.2 The jRJE/Ba 2 -xLaa;Cu 307 Materials 

An increase of Tc by substitution of La for Ba in YBaa-xBaxCusOy was 
observed shortly after the discovery of Y123 [10]. We have observed that fur- 
ther increases of Tc can be produced by high pressure oxygen anneals of these 
materials. Recently, we have extended these findings to REBag-xLaxCusOr 
compounds, where RE = Yb, Gd, Sm, and Nd, with x = 0, 0.02, 0.04, 0.06, 
0.08, 0.10. Several synthetic and annealing methods were attempted to con- 
trol the preferential site substitution of La for Ba and to tune the oxygen 
content to achieve the highest Tc . Synthesis in air at temperatures closed to 
an appearance of the liquid phase, at 940 — 1000° C, depending on the RE, led 
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to the formation of single-phase materials. Annealing at high oxygen pressure 
usually causes an increase of Tc . We have found that the Tq of most of the 
RE123 materials can be increased to 94 - 95 K . Figure 6 shows the resist- 
ive transition close to Tc for the materials with the highest superconducting 
transitions for each series of REBa 2 -xLa 3 :Cu 307 . For the smaller ionic-size 
RE = Y and Yb, increased Tc’s were observed for moderate amounts of sub- 
stituted La (x « 0.1). For the larger ionic-size RE = Gd and Sm, an increase 
of Tc was attained at lower substitution levels, 0.08 and 0.02, respectively. 
No increase of Tc was obtained for RE = Nd. The materials with the highest 
Tc’s are currently being studied for Jc and Rirr • 

3.3 The YBa 2 _a;Sr,ECu 3 _yMoyO^ Compounds 

The layered Y123 materials, that consist of alternating layers of CuO-chains 
and double-Cu02-planes, offer an opportunity to modify their structural and 
physical properties by carrying out substitutions of small ionic— size atoms on 
the Cu-chain site without disturbing the perfect arrangement of the Cu and 
O atoms in the superconducting planes. Control of the preferential site sub- 
stitution of the transition and post-transition elements on the Cu-chain site 
can be accomplished by a choice of the proper synthesis conditions and by 
the simultaneous substitutions of large ionic-size atoms for Ba or Y. Re- 
cently, we have explored these opportunities to design Y123 materials with 
a shorter width of the intermediate region while attempting to preserve both 
the magnitude of d(apical) and the “metallicity” of the blocking layer. We 
have investigated Y123 materials substituted with a smaller Sr in place of 
the larger Ba in the intermediate region of the structure and with transition 
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Temperature (K) 



Fig. 6. Normalized resistance near the superconducting transition temperature for 
pure Y123 and Sml23, and for several REBa 2 -a;LaxCu 307 compositions 



elements substituted for Cu. It was found that the presence of Sr on the Ba- 
site enhances preferential substitution of transition elements on the Cu-chain 
site during synthesis in air [3]. 

Sr-substituted Y123 forms single-phase only to x « 1 under normal syn- 
thesis conditions in air [11], For completely substituted compounds (x = 2) 
it was found that the Y123 structure can be stabilized by the addition of the 
high oxidation-state transition elements like Mo, W, and Re at low substi- 
tution levels, y « 0.2 [3]. Superconducting compounds with Tc w 75K can 
then be obtained after annealing at high oxygen pressure that increases the 
oxygen content to z w 7.30. 

The Mo-substituted materials are easy to synthesize in air, and fur- 
ther annealing in oxygen or at elevated oxygen pressures increases Tc . Re- 
cently we have optimized the synthesis conditions and compositions to obtain 
the highest Tc’s for the YBaSrCua-yMoyOy+d compounds. All compositions 
studied, y = 0- 0.20, were single phase when synthesized in air at w 960 °C. 
High pressure anneals in oxygen at temperatures around 650 °C followed by 
slow cooling were optimal to increase the oxygen content and to obtain the 
highest Tc . The structural and superconducting properties were studied in 
detail for the y = 0, 0.05, 0.10 and 0.20 compositions [9]. 

The structures of these materials were studied by neutron powder dif- 
fraction. As for the x = 2 compounds, the Mo ion was found exclusively 
on the Cu-chain site. The resulting Cui_yMoy02 blocking layer, situated 
between the two (Ba,Sr) layers, contains more than one oxygen atom per 
Cu/Mo. Because the chain oxygen atoms observe multiple arraignments of 
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the near-neighbor Sr and Ba atoms and the Cu and Mo atoms, it was difficult 
to determine their precise locations. However, the dominant positions were 
refined with reasonable accuracy showing that the oxygen atoms occupy two 
independent sites (1/2 y 0) and {x 1/2 0) in the orthorhombic y = 0.05 com- 
pound with the site occupancies 0.59 ±0.01 and 0.48 ±0.01, respectively. The 
site occupancy difference gives rise to the orthorhombic distortion. For the 
y = 0.1 and 0.2 samples, the occupancy of these sites were equal as required 
by the tetragonal structures. 

The total oxygen contents that were obtained from the refined oxygen 
occupancies were 7.07, 7.16, and 7.30 for y = 0.05, 0.1, and 0.2, respectively. 
The ratio of the nominal Mo to the amount of excess oxygen in the blocking 
layer (i.e. 0.07, 0.16, and 0.30) was very close to 2:3 in all samples, indicating 
that this ratio could arise from the presence of randomly distributed dimmers 
of the corner shared MoOe octahedra in a similar fashion to that observed 
for YSrzCua-yMyO, (M = Mo, W) [3]. 

The highest Tc w 86 K, was observed for the samples with y = 0.05 — 0.1 
annealed at high oxygen pressure. For samples annealed at 1 atm. O 2 , the 
highest Tc « 82 K was seen for y = 0 - 0.05. Figure 7 shows normalized 
resistance for three single-phase samples which were annealed in oxygen at 
latm. (Fig. 7a) and high pressure (Fig. 7b). Superconducting transitions for 
optimally doped YBaSrCus-yMoyOy+d samples are very sharp, indicating 
good quality of the material. Clearly, Tc is a function of both the doping 
level y and the oxygen content. The sample with y = 0 does not change 
Tc significantly after the high oxygen pressure treatment. Tc’s for samples 
with y = 0.05 - 0.10 are higher than for YBaSrCusOr+di i.e. this is the first 
example of improved superconducting properties of the Y123 material for 
which a transition element was substituted for copper. 

By comparing the superconducting Tc’s for three optimally doped Y123 
compounds, YBa 2 Cu 30 e .94 , YBaSrCu 2 , 9 Mo.i 07 ,ie i and YSr 2 Cu 2 . 8 M 0 . 2 O 7. 3 , 
a systematic decrease of Tc = 93, 86, and 77 K can be observed that is consist- 
ent with the shortening of the apical Cu-0 bond-length, d(apical) = 2.303, 
2.260, and 2.207 A, respectively. The YBaSrCu 2 . 9 M 0 . 1 O 7 .i 6 compound has 
an intermediate magnitude of d(apical) and, thus, an intermediate Tc . The 
thickness of the intermediate region, d(inter) = 8.228 A, is also intermediate 
between values observed for YBa 2 Cu 307 (8.307 A) and YSr 2 Cu 2 .sM 0 . 2 O 7. 3 
(8.098 A). However, neither the width of the blocking layer, d(block), nor the 
intra-Cu02-plane distance, d(intra), vary in a systematic way with Tc for 
these compounds. 

The irreversibility fields and Birr were obtained from ac susceptibility, 
x(T), and dc magnetization measurements, respectively. The irreversibility 
lines B;“^(T) were derived form the x(T’) curves measured at constant dc 
fields. Each irreversibility point (B;“^,T|“^) was obtained by measuring the 
temperature at which the imaginary part of the ac susceptibility, 'x"iT), 
begins to differ from zero. These lines are the upper bound for the 
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Fig. 7 . Normalized resistance as a function of temperature for the 
YBaSrCu 3 -j,Moj, 07 +« samples with y = 0, 0.1 and 0.2, as prepared (a) 
and after the high oxygen pressure anneal (b) 



Birr{T) lines that are usually used but may occasionally depend on the meas- 
urement sensitivity. The pinning properties can be better exhibited when the 
5irr fields are plotted as a function of reduced temperature t = T/Tc as 
presented in Fig. 8 for YBaSrCus-yMoyOr+d with compositions y = Q, and 
0.05. The data for solid and powder samples shows that the highest irrevers- 
ibility lines and the largest slopes of dBi„/ dT, that indicate the strongest 
flux pinning, were obtained for the y = 0.05 sample. The Sirr(t) line for the 
y = 0.05 sample is placed about 1 T above the line for the ?/ = 0 sample 
and is very close to the line obtained for pure polycrystalline Y123 [12]. 
In Fig. 8 the lines for polycrystalline Hgl201 and single crystals of 

B12212, LSCO and Y123 are also presented. Single crystals were measured 
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in fields parallel to the c-axis, i.e. in the direction of the weakest intrinsic 
flux pinning. Therefore, results for single crystals are expected to show lower 
irreversibility lines than the Birr’s that were obtained for polycrystalline ma- 
terials. It would be desirable to obtain single crystals of the Mo-substituted 
YBaSrCuOy materials for comparison with pure Y123. 




t = T/T 



c 



Fig. 8. Irreversibility fields, obtained by dc and ac techniques (closed and open 
symbols, respectively), versus reduced temperature for the YBaSrCus-j/MoyOr+i 
samples with y = 0 and 0.05. For comparison, results for Hgl201 polycrystalline 
material [13] (pc; solid line), and for Bi2212, LSCO and Y123 single crystals [14] 
(sc; broken lines) are also presented. The data for single crystals is for B parallel 
to the c-axis. The superconducting transition temperature is displayed for each 
compound 



The powder samples were used to measure the intra-grain critical pers- 
istent-current density, Jc . To determine Jc, the magnetization loops, M(B), 
were measured at constant temperature and the Bean formula, Jc(A/cm^) = 
kAMfw, was used, where M is in emu/cm^, w = (3 — 4) x 10“^ cm is a scaling 
length, that in our case is the grain diameter, and fc = 40 is a shape coefficient 
for roughly spherical grains. The Bean formula was applied only in the range 
of magnetic fields where M was weakly field dependent, i.e. above the first 
peak observed for the M(B) curves « 0.5 T. At 5K, Jc is about 10® A/cm^ 
and is almost independent of B for all compositions. Similar values of Jc 
for all compositions arise because at low temperatures the coherence length 
in the c-axis direction (3-4 A) is comparable to the d(block) distance and 
the blocking region between the superconducting Cu02-planes may act as 
a strong intrinsic pinning center. However, differences in Jc(B) among pure 
and Mo-substituted samples arise at higher temperatures where the coher- 
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ence length increases and other types of pinning centers with more extended 
dimensions may act more effectively. Figure 9 shows Jc as a function of B for 
y = 0, 0.05, and 0.10 at temperatures 70 and 77 K. At 70 K the y = 0 and 0.05 
compositions have similar values of Jc(B) for B = 0.5 — 2.5 T but for higher 
fields the y = 0.05 sample shows a second peak effect, a positive deviation 
from the approximately exponential decrease of Jc{B) with increasing B. At 
77 K this behavior is more clearly visible and, thus, the critical currents above 
70 K are much larger for the y = 0.05 sample than for y = 0. Jc{B) for the 
y = 0.1 sample displays features similar to those observed for y = 0.05 but 
both the pinning force at low fields and the second peak effect are weaker 
than for y = 0.05. 




Magnetic Field (T) 



Fig. 9. Critical persistent currents versus magnetic field at 70 K {closed symbols) 
and 77K {open symbols) for the YBaSrCu 3 _j,Moj, 07 +i samples with y = 0 {tri- 
angles), 0.05 {circles) and 0.1 {diamonds) 



The second peak effect, present for both Mo-substituted samples, can be 
explained in terms of the temperature dependence of the superconducting co- 
herence length. The MoOe dimers, introducing extended distortions, perturb 
locally superconductivity in the Cu02-planes. At elevated temperatures, the 
isolated perturbation with a dimension of 2-3 unit cells in the ah-plane be- 
gins to be comparable to the coherence length (that increases with increasing 
temperature) and, therefore, may act as an additional pinning center. 




Improved Y-123 Materials by Chemical Substitutions 



43 



4 Conclusion 

By using chemical substitutions on various crystallographic sites we have 
attempted to enhance intrinsic critical currents and irreversibility fields of 
Y123 material. Substitutions were designed to increase the distance between 
the planar Cu and the apical 0 atoms and to shorten the distance between the 
double Cu02-planes while preserving the “metallicity” of the blocking layer. 
The synthesis and annealing conditions were optimized to obtain the highest 
Tc for each substitution. Improved critical superconducting properties were 
found for (Ndi_a;Lai)-123 and YBaSrCu3_yMoj,07+d compounds. Increased 
Tc’s were observed for the substituted REBa2-xLaa;Cu307 compounds. 

Improved irreversibility fields observed for the (Ndi_a;Lax)-123 samples 
with X = 0.1-0.25 may be caused by the extrinsic flux pinning possibly origin- 
ating from the phase separation. For the Mo-substituted 
YBaSrCu3_yMoy07+d compounds, Tc’s for y = 0.05 - 0.10 are higher than 
for YBaSrCu307 , i.e. this is the first example of an increased Tc of the Y123 
material by substitution of transition element for copper. The scaled irrevers- 
ibility fields are comparable to pure Y-123. The MoOe dimers are likely to be 
the intrinsic pinning centers by forming the randomly distributed local distor- 
tions perturbing locally superconductivity in the Cu02-planes. An existence 
of these improved materials indicates that it may be possible to further en- 
hance intrinsic superconducting properties of Y123 materials by clever design 
of the crystal chemistry. 
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Abstract. High gas pressure up to llkbar has been applied for the synthesis of 
cuprates. Both single crystals and polycrystalline samples of Hg-based supercon- 
ductors and quasi-one-dimensional Ai_xCu02 (A =Sr, Ca, Ba) compounds have 
been obtained. The influence of substitutions and oxygen content on the mag- 
netic flux-pinning properties of single crystals of Hg-based superconductors has 
been investigated. The irreversibility field of almost optimally doped, unsubsti- 
tuted HgBa2Ca2Cu308+i crystal {To = 130 K) is about two-three times larger 
than the one of underdoped crystal (Tc = 120 K). As a result of Re substitu- 
tion for Hg a significant improvement of the irreversibility line position for a 
Hgo. 77 Reo. 23 Ba 2 Ca 2 Cu 3 084 -i crystal is observed only at low temperatures (below 
80 K). Neutron irradiation of HgBa2Ca2Cu308+i crystal enhances the flux pinning, 
while also leading to a decrease of the effective mass anisotropy. The magnetic prop- 
erties of infinite-chain cuprates Cao. 83 Cu 02 , Sro.73Cu02 and Bao. 66 Cu 02 have 
been studied. Susceptibility measurements give some evidence for a singlet ground 
state. However, all these compounds order antiferromagnetically at T < 10 K. Spe- 
cific heat, elastic neutron scattering of polycrystalline material and magnetic torque 
on single crystals have been measured. These measurements give clear evidence that 
the AF ordered state is of long-range 3D character. 



1 Introduction 

Single crystals and polycrystalline samples of cuprates have been obtained 
at high gas pressure up to 11 kbar. High hydrostatic pressure can change the 
properties of materials during crystallization or annealing due to: 

a) structural transitions at high pressure, 

b) reduced evaporation of volatile components, 

c) enhanced pressure activity (fugacity) of gaseous components of the sys- 
tem. 

J. Klamut et al. (Eds.): LNP 545, pp. 45-64, 2000. 
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Examples of a) are the spin ladder Sr„_iCu„+i02n or infinite layer 
Caj;yli_xCu02 compounds [1,2], Examples of b) are the 

HgBa 2 Ca„_iCu„ 02 n+ 2+<5 (Hg-12(n-l)n) compounds which melt incongru- 
ently and have high decomposition pressures of HgO, Hg, and O 2 [3,4,5]. 
Examples of c) are the yli_a;Cu02 (where A = Sr, Ca, Ba) infinite chain com- 
pounds [4,5,6]. 

The position of the irreversibility line (IL) on the H - T phase diagram 
is often used to describe the applicability of high-Tc superconductors for 
technical purposes. One of the most important factors limiting possible ap- 
plications of Hg-12(n-l)n compounds is a relatively low position of the IL. 
There are several ways which enable improvement of the IL position; 

1. Changing intrinsic parameters 

(a) reducing the “blocking layer” (BL) thickness, which should improve 
coupling between Cu02 planes, in the case of Hg-12(n-l)n com- 
pounds it may be achieved by substitution of smaller Sr atoms for Ba, 

(b) increasing the electrical conductivity in the BL, which could lead to 
proximity-induced superconductivity in the BL, in the case of Hg- 
12(n-l)n compounds it may be achieved by substitution of Re for Hg. 

(c) decreasing anisotropy of the compound by increasing oxygen doping. 

2. Introduction of new effective pinning centers 

(a) creation of planar defects, in the case of Hg-12(n— l)n, e.g. by sub- 
stitution of Re or Pb for Hg 

(b) creation of defects by irradiation. 

We check the effectiveness of all these methods investigating the flux pinning 
in single crystals of Hg-based superconductors. 

All high-Tc superconductors found so far contain two-dimensional (2D) 
Cu02 planes. The ground state of the insulating parent compounds shows 
antiferromagnetic ordering. When these compounds are doped with holes, 
the antiferromagnetic ordering disappears and superconductivity appears. 
A rather interesting approach is to modify these planes in order to make part 
of the structure responsible for superconductivity more one-dimensional (ID) 
and to investigate the influence of such a modification on the magnetic and/or 
superconducting properties of a given compound. The electronic properties 
of one-dimensional materials are usually very different from those observed 
in higher dimensional systems. A possible way to modify Cu02 planes is by 
an application of a high pressure. 

In the case of the Sr-Ca-Ba-Cu-0 system, the modification of Cu-0 
planes can be achieved in two ways: 

1. By the synthesis under high hydrostatic pressure. Depending on the com- 
position, either the infinite layer structure with CUO 2 corner sharing 

planes, or the spin ladder structure with Cu 02 corner sharing chains 

alternating with edge sharing chains can be stabilized. 
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2. By the synthesis at high oxygen pressure, which results in the quasi one- 
dimensional structure of edge sharing chains of CUO4 squares. 

Using high oxygen pressure we have synthesized three members of the one- 
dimensional t 1 i_xCu 02 family: Cao.83Cti02, Sro.73Cu02 and Bao.66Cu02- 
Structures of these compounds contain square planar CUO4 units forming 
edge-sharing infinite-chains. Sr, Ca or Ba atoms are incorporated between 
the Cu02 layers. The Cu ions are coupled by 90° Cu-O-Cu bonds. The formal 
valence of Cu is +2.34 and +2.54 for Cao.83Cu02 and Sro.73Cu02 respect- 
ively. Since electrical resistivity reveals that the materials are insulating, the 
holes are considered to be localized. The susceptibility measurements show 
typical AF behavior, but very peculiar magnetic transitions are observed at 
T < 10 K for all three compounds. Specific heat, elastic neutron scattering 
of polycrystalline material and magnetic torque on single crystals have been 
measured. These investigations give clear evidence that the AF ordered state 
is of long-range 3D character. 

2 Crystal Growth of Hg-Based Superconductors 

Hg-12(n-l)n compounds have high partial decomposition pressure of volat- 
ile components Hg, HgO and O2 . These compounds melt peritectically and 
the pressure in a closed container above inerting temperature reaches a value 
corresponding to the decomposition pressure of HgO. This is above 100 bar. 
In order to prevent the decomposition during synthesis and crystal growth 
we have applied high Ar gas pressure of about 10 kbar [3,4,5]. Because Ar gas 
has a density of more than 1.5g/cm^ at this pressure, the diffusion of volatile 
components is strongly suppressed. In order to decrease melting temperature, 
fiux growth from solution can be applied. Unfortunately, a typical solvent for 
the crystal growth of high Tc superconductors (30% BaCu02 - 70% CuO) 
has the eutectic melting temperature at pressure P = 10 kbar very close to 
the Hg-12(n — l)n compound for n > 1. The addition of 10% of AgO to this 
solvent decreases the melting temperature by about 10 °C. Such a solvent has 
been used for most of the processes of crystal growth unless the substitution 
of Sr for Ba was required. In this case the excess of Ba in the fiux prevents 
the substitution of Sr for Ba. Therefore, in order to grow crystals with partial 
substitution of Sr for Ba, we had to melt stoichiometric precursors without 
eutectic additives. An alternative solvent is PbO, but this leads to the sub- 
stitution of Pb for Hg. The temperature ramp of the crystal growth process 
contained: 

1. Heating up to the temperature of 950 °C, where Hg-12(n-l)n is synthes- 
ized as a solid phase. 

2. Heating above melting temperature, which is between 1000 and 1130 °C 
and depends on the composition of the precursor. SrO or ReO containing 
precursors have higher melting temperatures than unsubstituted ones. 
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3. Keeping the melt at constant temperature for 1-2 hours. 

4. Slow cooling at a rate 1 — 3°/h. 

Using this route we were able to obtain crystals of Hg-12(n— l)n for n = 1 — 7, 
partially substituted with Re, Sr and Pb. 

3 Investigation of the Irreversibility Field of Hg-1223 
Crystals as a Function of Substitutions and Oxygen 
Content 

Hg-1223 compounds exhibit the highest Tc , but magnetic flux-pinning prop- 
erties of these materials are not as good as those of some other high-Tc 
superconductors (e.g. YBa 2 Cu 307 _a,). Several authors recently reported sig- 
nificant improvement of the flux pinning in ceramic samples when Hg is 
partially replaced by Re or Pb and Ba by Sr [7]. However, due to the high 
anisotropy of HTSC and unavoidable impurity phases in ceramic samples, 
only measurements on single crystals are reliable for the determination of 
the true intrinsic properties of these compounds. We have investigated the 
influence of substitutions and oxygen content on the magnetic flux-pinning 
properties of single crystals of Hg-based superconductors. 




Fig. 1. (Hg,Re)0 layer in Hgj,Rei_i;Ba2Can-iCun02„+2+i single crystals 



Rhenium can partially substitute Hg. It is coordinated octahedrally by 
oxygen and forms short bonds leading to a decrease of the lattice parameters 
(Fig. 1). The maximum substitutions of Re for Hg is 25% because higher 
Re concentrations would cause short 0-0 distances which are not possible. 
Flux pinning in Hgo,77Reo.23Ba2Ca2Cu308+i single crystals (Tc = 130 K, 
Fig. 2) and in HgBa 2 Ca 2 Cu 3 08+i crystals with Tc equal to 130 and 120 K 
was compared (Fig. 3) [8]. At higher temperatures the irreversibility field 
of an almost optimally doped, unsubstituted {Tc — 130 K) crystal is about 
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Fig. 2. Magnetization measurement (ZFC/FC) oftheHgo,77R.eo.23Ba2Ca2Cu308+i 
single crystal 




Fig. 3. Magnetization measurement (ZFC/FC) of the HgBa 2 Ca 2 Cu 30 s+i single 
crystal 



two-three times larger than of an underdoped (Tc = 120 K) crystal (Fig. 4). 
The anisotropy 7 decreases from 70 for the underdoped crystal (Tc = 120 K) 
to 44 for the almost optimally doped one (Tc = 130 K). In some investigated 
crystals, Re atoms substitute at the Hg site of HgBa 2 Ca 2 Cu 308 +i and alter 
the defect structure of the host layer by pulling in four new oxygen atoms 
at the (0.34,0.34,0) position to form an octahedron around Re. As a result, 
significant improvement of the irreversibility line position at the H — T phase 
diagram for Hgo. 77 Reo. 23 Ba 2 Ca 2 Cu 308 +i crystal is observed only at low tem- 
peratures (below 80 K). However, magnetization measurements performed at 
temperatures above 100 K show only insignificant change in the irreversibility 
line position, as compared to that of the parent compound with Tc = 130 K. 
This indicates insignificant influence of new pinning centers, introduced by 
Re substitution, in the temperature range where thermal activation energy 
becomes significant in comparison with pinning energy. Furthermore, the ob- 
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Fig. 4. Irreversibility field of Hgo.77R.eo.23Ba2Ca2Cu308+« , underdoped 
HgBa 2 Ca 2 Cu 30 g+i with Tc = 120 K, almost optimally doped Hg-1223 with 
Tc = 130 K single crystals determined in a magnetic field parallel to the c-axis 
are presented as a function of (1 — T/Tc). The inset presents irreversibility field of 
Hgo.77Reo.23Ba2Ca2Cu308+« as a function of T, in higher temperature region 



tained data indicates that no improvement of the coupling between supercon- 
ducting layers was achieved as a result of the expected increase of electrical 
conductivity in the blocking layer. Since only a small change in the c-axis 
lattice constant was observed in Re substituted crystals, we can conclude 
that a larger shortening of the blocking layer in the material is necessary 
to improve the irreversibility line position in HgBa2Ca2Cu308+i crystals at 
high temperatures. 

Following this idea, we started recently crystal growth experiments with 
the compound Hgi_j;Pbj:Ba2-ySrj^Ca2Cu308+i . As a result, we obtained 
crystals with partial substitution of Pb for Hg and Sr for Ba. These crystals 
have Tc up to 116 K and preliminary measurements of the irreversibility field 
show that it is higher than those of unsubstituted or Re substituted crystals. 

4 Influence of Neutron Irradiation on Irreversibility 
Line of Hg-1223 

Our studies showed significant influence of the new defect structure on the 
properties of neutron irradiated HgBa2Ca2Cu308+x single crystals (Fig. 5). 
Neutron irradiation enhances the flux pinning, as expected, but also leads to 
a decrease of the effective mass anisotropy 7 [9]. Torque measurements, which 
represent the most unambiguous way to measure anisotropy directly, show 
that the anisotropy decreases down to 7 w 41 after irradiation (7 k 60 in 
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the unirradiated state). In the irradiated state we also observed an apparent 
change of the slope of the IL at low temperatures. This indicates that, in 
the vicinity of the IL defect, cascades are able to correlate several pancake 
vortices and “force” them to behave in a 3D rather than a 2D manner. After 
irradiation we observed a significant shift of the IL in the whole temperat- 
ure range. The shape of the hysteresis loop is changed - the fishtail effect, 
observed before irradiation, disappears. The critical current is enhanced at 
higher temperatures more than one order of magnitude and it’s decrease with 
increasing temperature is slower. 




1-T/T 

C 

Fig. 5. Comparison of the irreversibility line of HgBa2Ca2Cu308+i single crystals 
(Tc = 120 K) before and after neutron irradiation presented on the logarithmic scale 
of (1 — T/Tc). The existence of the fishtail in one crystal does not improve the IL 



5 Effect of Oxygen Doping on the Anisotropy 7 and 
the Penetration Depth Xab of Hg-1201 Crystals 

The effective mass anisotropy 7 = = XabIK (ttt* is the effective 

mass and \i penetration depth) is a measure of the effective coupling between 
adjacent blocks of CUO2 planes. The anisotropy and the penetration depth 
Xab depend strongly on the oxygen doping level. Due to the large anisotropy 
of superconducting compounds, the 7 parameter can by precisely determined 
only on single crystals. The orientation of grains in aligned powder samples 
is not enough for this purpose. 

The superconducting parameters 7 and Xab have been determined as 
a function of doping using a miniaturized torque magnetometer [10]. Torque 
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magnetometry is a very powerful technique to determine basic superconduct- 
ing parameters of high-Tc materials. The reversible torque is a measure of 
the equilibrium intrinsic properties of the sample, whereas the irreversible 
torque is due to the pinning of vortices and thus related to the sample mi- 
crostructure. Using the continuous anisotropic London model, it is possible 
to derive the superconducting parameters from a reversible angular depend- 
ent measurement where the magnetic torque is recorded as a function of the 
angle between applied field (with fixed amplitude) and the Cu02 plane of the 
sample. Figures 6a and b show 7 as a function of Tc and oxygen content <5, 
respectively. The anisotropy 7, as a function of , changes more for under- 
doped samples, whereas for overdoped samples this dependence is weaker. 
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Fig. 6. a) Anisotropy 7 for Hg-1201 single crystals as a function of critical tem- 
perature Tc ■ The dashed line represents the value repolled for an optimally doped 
single crystal (7 = 29). It corresponds to the boundary between the underdoped 
and overdoped regime, b) 7 as a function of doping 5 



Anisotropy 7 monotonically decreases with increasing 5. This is an import- 
ant fact, because the decreasing of the anisotropy increases the irreversibility 
field. These measurements are, to our knowledge, the first systematic meas- 
urements of superconducting parameters as a function of the oxygen doping 
of Hg-based superconductors performed on single crystals. Figure 7 shows the 
dependence of the in-plane penetration depth Xab on the oxygen doping S. 
It is decreasing with increasing S in the underdoped regime. The increase 
of Xab in the overdoped regime is significant, as tested with different fitting 
functions. A parabolic fit (dotted line) yields a minimum Xab ^ 140 nm for 
^rain = —0.08. A similar doping dependence of Xab in the underdoped regime 
was also observed in all other high-Tc cuprates [11]. 
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Fig. 7. In plane penetration depth Aa6 of Hg-1201 single crystals as a function of 
doping S 

6 Magnetic Properties of (Hg,Re)-1256 Single Crystals 

Re substitution on the Hg site makes the growth of crystals, with the num- 
ber of Cu02-planes higher than three, much easier. Hence, it was possible to 
grow HgRe-1256 crystals of appreciable quality for the first time. Magnetiz- 
ation measurements on single crystals of Hgo. 75 Reo, 22 Ba 2 Ca 5 Cu 60 i 5 grown 
with a gas-phase high pressure technique at lOkbar, were done by SQUID 
magnetometry [12]. In the investigated crystals. Re atoms substitute at the 
Hg site and alter the blocking layer by pulling in four new oxygen atoms, 
which form an octahedron around Re (Fig. 1). A crystal with a transition 
temperature Tc = 92 K and a transition width of about 15 K was chosen 
for more detailed investigation. X-ray structure refinement revealed 3% of 
an infinite layer minority phase. Hysteresis loops and ZFC/FC-curves were 
recorded on the crystal with Tc = 92K in magnetic fields up to 50kOe. The 
asymmetrical form of the M{H) loops and the field dependence of the mag- 
netic hysteresis indicate that the irreversible magnetic behavior is dominated 
by surface barrier effects [13,14] at high and intermediate temperatures. Bulk 
pinning significantly contributes to the magnetic hysteresis only at low tem- 
peratures. 

Magnetization data measured in intermediate fields and temperatures, 
where the magnetic hysteresis is small, was used to determine the penetra- 
tion depth A with the London model of the reversible magnetization [15]. 
While the temperature dependence of A is consistent with the predictions of 
the BCS theory, with A(0) ~ 220 nm, and the fit for A is not very sensitive to 
the data, the Hc 2 data fits give rather different values for bulk or surface pin- 
ning. While an analysis based on bulk pinning gives Hc 2 values much lower 
than observed in other cuprate superconductors, an analysis based on the 
magnetic hysteresis caused by surface barriers gives more reasonable values 
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(l-r/Tc) 



Fig. 8. Irreversibility line of (Hg,Re)-1256, compared with the irreversibility lines of 
other materials. HgRe-1256 has the lowest irreversibility field of all compared ma- 
terials. For HgPb-1201, Hg-1223 and HgRe-1256, note the shift of the irreversibility 
line to lower values with the number of copper oxide planes increasing 



ues of Hc 2 ■ An upward curvature of i?c 2 is observed, consistent with a bi- 
polaronic model of superconductivity. However, the fits for Hc 2 are not very 
accurate, as it enters the fitting formula in a logarithm. The irreversibility 
line of (Hg,Re)-1256 was determined from the hysteresis loops M{H) and 
from zero-field cooling and field cooling M(T) measurements (Fig. 8). It was 
found to be controlled by surface barrier effects [14] in the whole temperature 
range investigated. At high temperatures and low fields, the vortex structure 
for the magnetic field H || c-axis can be well described by three-dimensional 
(3D) flux lines behavior. In higher fields and at lower temperatures a cros- 
sover to a two-dimensional (2D) “pancake” vortex structure is observed for 
layered material. To the first approximation, this crossover occurs at a field 
Her « <Po lidlT, where <po is the flux quantum, d is the distance between two 
adjacent superconducting layers, and r is the effective mass anisotropy of 
the charge carriers [16,17]. The temperature dependence of the irreversibility 
field is significantly different for the 2D and the 3D region. This can be ob- 
served well in Fig. 8. The crossover field is located where the fits to the points 
of the irreversibility line in high and low fields cross. Thus, it is possible to 
estimate the anisotropy by measuring the irreversibility line in the geometry 
H \\ c only, although the accuracy of such an estimation is in practice very 
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limited. In the case of the measured (Hg,Re)-1256 crystal, the anisotropy, as 
determined from the crossover field, was estimated to be 7 = 70I15. This 
result is in accordance with the general trend of the Hg-12(n— l)n series, but 
it should be pointed out that the anisotropy is very sensitive to the oxygen 
doping level, needing further investigation. 

The anisotropy also directs the position of the irreversibility line [16,18]. 
A lower crossover field (higher anisotropy) generally corresponds to a low 
irreversibility line, as can be seen in Fig. 8. Direct comparison of the irrevers- 
ibility line of HgRe-1256 with the irreversibility lines of other members of the 
Hg-12(n-l)n family, and of Bi-2212 and Y-123 is also presented in Fig. 8. It 
can be seen clearly that for Hg-12(n— l)n materials, the irreversibility field is 
shifted to lower values with an increasing number n of the Cu02 planes. The 
irreversibility line of HgRe-1256 is the lowest one of those in the graph, even 
lower than the one of Bi-2212. Thus, while HgRe-1256 is interesting physic- 
ally to determine the influence of the number of layers on superconducting 
parameters, it is not suitable for applications. 

7 Structure Analysis of HgRe-1256 and HgRe-1267 
Single Crystals 

After single crystal growth and structure analysis of the n = 1 — 5 and 
n — 00 members of the homologous series HgBa2Ca„_iCu„02n+2+<5 in the 
last years, we added two further members to the Hg based family of high- 
Tc cuprate superconductors. Single crystals of Hgo.75Reo.22Ba2Ca5Cu60i4+a; 
and of Hgi_iRexBa2Ca6Cu70i6+a; have been grown with a gas-phase high 
pressure technique at lOkbar [19]. They crystallize in space group P4/mmm 
with lattice parameters a = 3.8542(3) A, c = 25.162(3) A (HgRe-1256) and 
a = 3.8514(5) A, c = 28.388(7) A (HgRe-1267). They represent the n = 6, 7 
members of the layered cuprate superconductors of the type 
HgBa2Ca„_iCu„02n+2+(5 • X-ray single crystal structure analysis showed 
that Re doping decreases the size of the rock-salt block. Rhenium substi- 
tutes mercury up to 25% and forms short bonds of 1.86 A to oxygen atoms. 
They coordinate Re octahedrally and are shifted off their ideal positions to 
(0.34, 0.34, 0). Substitution of Hg by the smaller Re atoms decreases the size 
and the bond lengths in the rock-salt block of the structure. The perovskite 
unit is not affected by this process and has dimensions and bond lengths 
comparable to other Hg-12(n— l)n structures. With increasing n, the crys- 
tals contain increasing amounts of stacking faults. They are included in the 
structure analysis and are refined to 6.1(3)% in HgRe-1256 and to 9.6(9)% 
in HgRe-1267. The crystals contain stacking faults which are included in the 
refinements and which introduce additional electron densities close to the po- 
sition of the Oexcess atom at (1/2, 1/2, 0). In the case of HgRe-1256 this effect 
could be corrected, but in HgRe-1267 the stacking faults are so numerous 
that a refinement of the oxygen atoms in the basal plane was not possible. 
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In order to prove the validity of the stacking fault model, we simulated 
the Fourier maps. Calculation of theoretical (difference) electron density maps 
proved that observable maxima in the AF maps are in fact caused by stacking 
faults. 

The transition temperature onsets of HgRe-1256 and of HgRe-1267 crys- 
tals are about 100 K. Tc onset value of 100 K for 1267 crystal is higher then 
expected, but we can explain it with the influence of stacking faults. 




Temperature (K) 

Fig. 9. Magnetization curves of HgRe-1256 and of HgRe-1267 single crystals 



8 Single Crystal Structure Analysis 

of the 1223/1234 Intergrowth Phase HgRe-2457 

Hgl.44R60.5Ba4Ca5CU7O20 

With a gas-phase high pressure technique we grew a Hgi. 44 Reo. 5 Ba 4 Ca 5 Cu 702 o 
single crystal at 10 kbar Ar pressure and at maximum temperatures of 1025 °C 
[20]. The transition temperature of this HgRe-2457 crystal is 83 K. 

HgRe-2457 is a new phase in the Hg-Re-Ba-Ca-Cu-0 system and is 
based on the Hg-12(n-l)n family (Fig. 10). It has a supercell period of 
c = 34.377 A and consists of an alternating stacking of 1223 and 1234 units 
in c-direction. Until now, intergrowth structures in the Hg based series have 
only been observed on a submicron scale or as a defect. They can either form 
complex polytypes or simple intergrowth structures like 1212-1223. 

X-ray single crystal structure analysis showed that rhenium substitutes 
mercury to the maximum possible content of 25%. It is bonded to 0(7) 
which is displaced off its ideal positions to (0.363,0.363,0.22688). Re is co- 
ordinated by an almost perfect oxygen octahedron with bond lengths between 
1.98 A and 2.00 A. No excess oxygen is found at (1/2, 1/2, z) in the (Hg,Re)0 
plane because Hg is substituted to the maximum level of 25% by Re 04 and 
there is no more space left for additional excess oxygen. All bond lengths 
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are very close to those in HgRe-1256 single crystals, but slightly different 
than those in ceramic HgRe-1223 and HgRe-1234 samples. After refining 
the ideal 2457 model, strong difference electron density peaks have been ob- 
served at (0,0,0.32) (Kg’), (1/2,1/2,0.24) (Bal’), (1/2,1/2,0.39) (Ba2’) and 
at (0,0,0.19) (Cu’). This feature can be explained by a disturbance of the 
stacking sequence by double 3 or 4 layer units, like, e.g. . . . -3-4-3-4-3-3- 
4-3-4-. . . A further peak at (0,0,0.13) could be attributed to the presence 
of triple faults in the stacking sequence like . . . -3-4-3-3-3-4-3-4-. . . The 
observation of this rather complex 3-4 layer intergrowth structure makes it 
plausible that at least crystals of simpler intergrowth phases like 2413 (1201- 
1212) or 2435 (1212-1223) could exist. 
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Fig. 10. Structure of new phase Hgi. 44 Reo. 5 Ba 4 Ca 5 Cu 702 o (7c = 83 K) 
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9 High-Pressure Synthesis of Sro.73Cu02 , Cao.83Cu02 
and Bao.66Cu02 

Synthesis of Sro.73Cu02 samples have been performed in a double chamber 
high pressure system [4,6]. A ceramic crucible containing the sample under 
a high pressure of oxygen is enclosed in a chamber having an internal fur- 
nace working under argon atmosphere. The At and O2 pressures are equal. 
We have investigated several mixtures of SrCu02 and CuO corresponding 
to CuO:SrO ratios: 1, 1.174, 1.333, 1.352, 1.4, 1.5, 1.714, 2.333. The syn- 
thesis have been done at 1800 < P02 < 2200 bar at 950 < T < 1800 °C 
for 10 to 48 h. As a result, two main phases have been obtained in the 
samples: Sro.73Cu02 and Sri4Cu2404i . At 1170 - 1180°C partial melting 
of the Sro,73Cu02 occurred and by slow cooling (5°C/h) small crystals could 
be grown. These crystals were used for the structure analysis. Crystal growth 
experiments from the melt with an excess of CuO (Sro,73Cu02 -I- CuO) 
led always to the synthesis of the Sri4Cu2404i compound. Cao.83Cu02 and 
Bao.66Cu02 compounds have also been synthesized at high oxygen pressure, 
but for these compounds several hundred bar oxygen pressure was sufficient. 



10 Magnetic Properties 

of Quasi-One-Dimensional Cuprates 

One-dimensional (ID) spin S = 1/2 systems with antiferromagnetic (AF) 
interactions have attracted considerable interest due to the quantum mech- 
anical nature of their ground state. In the absence of interchain coupling, 
a nonmagnetic singlet ground state is formed. When a small interchain in- 
teraction is present, a long-range magnetic order can be formed. Particu- 
larly interesting is the case where doping leads to a competition between 
the quantum mechanical singlet ground state and the classical long-range 
ordered state. For example, in the spin-Peierls material CuGe03 , a Neel 
ordered state is formed by substituting Cu with Ni (5 = 1) or nonmagnetic 
Zn (5 = 0) [21]. In both cases, for a certain doping level, the spin-Peierls 
singlet ground state seems to coexist with a N6el ordered state. Two further 
examples of quasi-lD cuprates where doping is realized by introducing holes 
are Cao.83Cu02 [22] and Sro.73Cu02 [23]. These compounds contain CUO2 
infinite chains separated by Ca or Sr layers [6]. The Cu ions are coupled 
by 90° Cu-O-Cu bonds (Fig. 11). The formal valence of Cu is -1-2.34 and 
+2.54 for Cao.83Cu02 and Sro.73Cu02 respectively, i.e., there are inherently 
0.34 and 0.54 Zhang-Rice singlets/Cu present. The susceptibility of both 
compounds is consistent with a dimerized Heisenberg chain [22,23] (Fig. 12). 
This gives an indication of a singlet ground state with a spin gap to the triplet 
states. However, susceptibility and electron paramagnetic resonance (EPR) 
measurements indicated that Cao,83Cu02 and Sro,73Cu02 exhibit AF order 
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at T ~ 10 K. It was speculated that this order might coexist with a singlet 
ground state like in doped CuGeOa [23]. 




Fig. 11. Structure of Sro,73Cu02 compound containing one-dimensional Cu02 
chains separated by Sr atoms 

We have continued the investigation of the magnetic properties of 
Cao.83Cu02 and Sro.73Cu02 . Specific heat and elastic neutron scattering 
of polycrystalline material and magnetic torque on single crystals have been 
measured. These measurements give clear evidence that the AF ordered state 
previously found is of long-range 3D character [24]. This finding is surpris- 
ing considering the fact that the spin chains are highly doped with holes. 
Note that in the 2D Cu-0 layers present in high-Tc cuprates, no Neel or- 
der for doping levels exceeding 0.04(2) holes/Cu nor a static stripe phase 
yielding long-range magnetic order was found for doping larger than ~ 0.125 
holes/Cu [25]. 

The temperature dependence of the specific heat CjT of polycrystalline 
Cao.83Cu02 and Sro,73Cu02 is shown in Fig. 13. A peak in the specific heat 
is observed for Cao.83Cu02 as well as for Sro.73Cu02 at Tap — 10 K. This 
indicates a static magnetic transition. To decide whether the magnetically 
ordered state at T < Tap is of long-range character, we performed elastic 
neutron scattering at the DMC spectrometer at PSI Villigen. In both com- 
pounds a Bragg peak attributed to a twofold increase in periodicity along 
the Cu02 chain axis is found. The temperature dependence of the integrated 
intensity of the (0, 1/2, 1) peak of Cao,83Cu02 measured at DIB spectrometer 
at the high flux reactor of the Institute Laue-Langevin, Grenoble, France, is 
shown in Fig. 14(a). A clear increase of the neutron intensity is observed at 
T < 12K. 
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Fig. 12. Susceptibility of yli-a:Cu02 for A =Sr, Ca and Ba. Sro.73Cu02 shows 
weak-ferromagnetic transition at T = 10 K, Cao.83Cu02 antiferromagnetic at T = 
12 K and Bao.67Cu02 antiferromagnetic at 5K 



Angle-dependent torque measurements were performed on a twinned 
single crystal of Sro.73Cu02 (volume V « 120 x 90 x 8pm^) with a highly 
sensitive torquemeter (resolution ~ 10“^^ Nm). Measurements on an un- 
twinned single crystal of Cao. 83 Cu 02 have been reported previously [22], 
We use the torquemeter as a tool for our investigation because the sensit- 
ivity of a SQUID magnetometer would not be sufficient. For comparison, 
a SQUID magnetometer has a typical sensitivity of Am ~ 10“^emu, whereas 
we achieve Am ~ lO^^^emu in B = 1 T with the torquemeter. For Sro.73Cu02 
a series of torque curves for rotation of the magnetic field is presented in 
Fig. 15(a). The temperature dependence of the torque amplitude is shown in 
Fig. 15(b). The torque amplitude decreases towards zero upon approaching 
Tap = 10.0(2) K. The temperature dependence of the torque amplitude of 
Cao.83Cu02 is shown in Fig. 14(b). 

These experimental results give clear evidence of long-range 3D magnetic 
order. The observed gain in neutron intensity at half-integer indices is con- 
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Fig. 13. Specific heat C'(T) of Cao.83Cu02 and Sro.73Cu02- The curves for 
Cao.83Cu02 are offset for clarity. The magnetic contribution Cm/T is shown for 
Cao.83Cu02 . The inset shows part of the unit cell of Cao.83Cu02 





Fig. 14. (a) Temperature dependence of the (0, 1/2,1) neutron peak intensity of 
Cao.83Cu02 measured on DIB. (b) Temperature dependence of the torque amp- 
litude of Cao.83Cu02 (p-off = 1-5 T) 
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Fig. 15. (a) Angle-dependent torque {t{9) of Sro.73Cu02 at different T upon field 
rotation (Po^ = 0.05 T). (b) Temperature dependence of the torque amplitude 



sistent with AF ordering. A small structural reorientation of the atoms in 
the Cu-0 subcell could, however, also account for additional neutron intens- 
ity at these positions. To differentiate between these two possibilities, note 
that the torque signal is sensitive only to the magnetic moment. A structural 
reorientation would not contribute to a torque signal. With this argument, 
a structural transition at T « 10 K resulting in an increased neutron intensity 
can be excluded. The finding of additional neutron intensity at half-integer 
indices together with the appearance of torque provides conclusive evidence 
of long-range AF order in Cao.83Cu02 and Sro.73Cu02 . 

Whether this ordered state coexists with a dimerized singlet ground state 
as in doped CuGeOa is not yet clear. Preliminary inelastic neutron scattering 
gives some evidence that this might be the case [26]. 

11 Conclusions 

Rhenium substitution for Hg improves the irreversibility line position for 
a Hgo. 77 Reo. 23 Ba 2 Ca 2 Cu 308 +i crystal only at low temperatures (below 
80 K). The irreversibility field of almost optimally doped, unsubstituted Hg- 
1223 crystal (Tc = 130 K) is about two-three times larger than the one of 
underdoped crystal (Tc = 120 K). Neutron irradiation enhances the irrevers- 
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ibility field of Hg-1223, while also leads to a decrease of the effective mass an- 
isotropy. 

The anisotropy 7 of Hg-1201 single crystals decreases monotonically from 
75 to 20 with the increase of oxygen content. The penetration depth Xab has 
a minimum for the optimally doped crystals. 

Specific heat, elastic neutron scattering of polycrystalline material of one- 
dimensional infinite-chain cuprates Cao. 83 Cu 02 and Sro. 73 Cu 02 and mag- 
netic torque on single crystals give clear evidence that the AF ordered state 
below 10 K is of long-range 3D character. 
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Abstract. We report on the results of measurements of the angular dependence 
of magnetization of high-Tc superconducting YBa2Cu307_i and Lai,85Sro.i5Cu04 
thin films and superconducting/ferromagnetic YBa2Cu307_i/Ndo.67Sro.33Mn03 
superlattices. We compare our present results to our results, previously obtained 
for YBa2Cu307_6 and Bi2Sr2CaCu208 single crystals. We discuss the influence of 
the presence of Ndo.67Sro.33Mn03 sublayers in YBa2Cu307-i/Ndo.67Sro.33Mn03 
superlattices on the critical temperature, flux pinning, and the critical field for the 
first vortex penetration. 



1 Introduction 

High-Tc superconductor (HTSC) thin films are interesting from the point 
of view of many possible applications, including superconducting quantum 
interference devices (SQUID’s) and superconductive electronic circuits, which 
base on rapid single flux quantum (RSFQ) logic, as well as for microwave 
applications and many others. 

Recently developed superlattices [1], consisting of layers of superconduct- 
ing YBa 2 Cu 307 _a (Y-Ba-Cu-0) and ferromagnetic Ndo.erSro.ssMnOa (Nd- 
Sr-Mn-0), which exhibit a giant magnetoresistance effect, [2] may also be 
attractive for fabrication of electronic chips, incorporating magnetic field 
sensors. Ba.sic parameters of the materials, building such heterostructures, 
may lead to the coexistence of superconductivity and ferromagnetism in those 
particular structures [3]. The role of ferromagnetic layers in superconduct- 
ing/ferromagnetic superlattices is not yet satisfactorily known. Ferromagnetic 
particles on the surface of a superconducting thin film can act as additional 
pinning centers [4], On the other hand, injection of spin-polarized carriers 
from a current-carrying ferromagnetic layer, may decrease the critical cur- 
rent in an adjacent superconducting layer [5]. An increase of the thickness of 
the ferromagnetic layer leads to a sudden drop in Tc of Nb/Fe multilayers, 
due to decoupling of superconducting Nb layers [6]. 

The isothermal remanent magnetic moment measurement method was 
applied to determination of the lower critical field Hci of niobium-doped 
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SrTiOs as early as in 1966 [7]. After the discovery of HTSC’s, this method was 
used by many other groups [8-10]. By use of this method, we have determined 
Hex of Pb-Sr-(Y,Ca)-Cu-0, [11] Bi-Sr-Ca-Cu-0, [12] and Y-Ba-Cu-0 [13] 
single crystals. Angular dependence of the isothermal remanent magnetic 
moment in low magnetic fields showed us that the vortices remain locked-in 
parallel to the ab plane of a Bi-Sr-Ca-Cu-0 crystal, for a wide range of the 
angle between the magnetic field direction and the c axis of the crystal [12]. 

Field dependence of the isothermal remanent magnetic moment just above 
the first flux penetration, analyzed within the framework of the extended 
Bean model [9], can deliver information about the flux distribution in Y-Ba- 
Cu-0 crystals [9,13]. 

In this paper, we determine the superconducting parameters of a Y-Ba- 
Cu-O/Nd-Sr-Mn-0 superlattice. We will show that the results of the mag- 
netization measurements lead to an apparently short penetration depth in 
HTSC thin films and superconducting/ferromagnetic superlattices. 

2 Experimental Details 

Y-Ba-Cu-0 thin films and Y-Ba-Cu-O/Nd-Sr-Mn-0 superlattices have 
been grown by high pressure dc sputtering on SrTiOs and LaAlOs substrates, 
respectively. Lai,85Sro.i5Cu04 (La-Sr-Cu-0) thin films have been produced 
by pulsed laser deposition on LaSrA104 substrates. Basic parameters of the 
studied samples are presented in Table I. 



Table 1. Parameters of the studied thin film samples. (1— ATc) ^ is the enhancement 
factor of the internal field, due to the demagnetizing factor Nc 



Sample 

code 


Compound 


Thickness 

(nm) 


Tc 

(K) 


(l-iVc)-i 


NdY45 [Ndo.67Sro,33Mn03(9.6nm) 
/YBa2 Cu307(9.6nm)]i2 


220 


43 


6000 


Y46 


YBa 2 Cu 307 


200 


91 


10500 


D_3 


Lai.85Sro,i5Cu04 


450 


27 


5000 



We performed magnetization measurements in a SQUID magnetometer 
for arbitrarily chosen angles between the magnetic field direction and the 
surface of the sample. A metallic-glass foil shield around the superconducting 
magnet in our magnetometer limits the residual field in the sample chamber 
to the value of 1 |tT. A rotary sample holder, designed for studies of HTSC 
thin films, gives the angular resolution of approximately 1°. 

The isothermal remanent magnetic moment measurement procedure is 
illustrated in Fig. 1. The isothermal remanent magnetic moment m\rm is 
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measured at a constant temperature in the magnetic field Hq (herewith al- 
ways equal to zero). Between the subsequent measurement steps, the sample 
is exposed to a magnetic field H\ and reduced to Hq ■ At low magnetic fields, 
TTiirm remains constant and is equal to a small magnetic background, result- 
ing from the trapped fiux in a nonzero residual magnetic field. The value of 
the magnetic field, for which rnirm starts to deviate from the initial value, is 
defined as the critical field for the first vortex penetration Hp . 




measurement step 

Fig. 1. Measurement procedure, described in the text. Closed circles represent the 
measurements of the isothermal remanent magnetic moments mwm , performed after 
applying a magnetic field H\ and reducing the magnetic field to Ho 



Prom the analysis of the isothermal remanent magnetization, we determ- 
ined the angular dependence of the critical field for the first vortex penetra- 
tion and the critical current density. 

3 Results and Discussion 

Temperature dependence of the “zero-field-cooled” (ZFC), “field-cooled” 
(PC) and remanent (REM) magnetic moments is presented in Pig. 2, for 
several angles between the magnetic field direction and the normal to the 
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sample surface. At low angles, significantly more negative FC magnetic mo- 
ment values can be observed for sample NdY45, which is a result of weaker 
pinning in this sample. At high angles, when the magnetic field is almost 
parallel to the thin film surface, we observe a “paramagnetic Meissner effect” 
and significant enhancement of the REM moment. 




50 60 70 80 90 




Fig. 2. Temperature dependence of the scaled magnetic moment for Y-Ba-Cu- 
O thin film Y46 (a), and Y-Ba-Cu-O/Nd-Sr-Mn-0 superlattice NdY45 (b), for 
several angles between the magnetic field direction and the normal to the sample 



The isothermal remanent magnetic moment mirm as a function of the 
magnetic field is presented in Fig. 3. One may observe an initial rise of mirm 
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at very low magnetic fields, then a rollover and saturation of the magnetic 
moment. 




I I I I I I I I I I I I I I I I I I — I — I — I 

0.0 0.5 1.0 1.5 2.0 

(mT) 



Fig. 3. Magnetic field dependence of the isothermal magnetic moment for Y-Ba- 
Cu-O/Nd-Sr-Mn-0 superlattice NdY45, for several angles between the magnetic 
field direction and the normal to the sample 



Angular dependence of msat for sample NdY45 is presented in Fig. 4. 
Except for a narrow angular region around 0 = 0, where a dip occurs at 
higher temperatures (which can be attributed to the channeling of vortices 
along the twin planes [14]) msat follows a cosine dependence 



Wsat(0) = msat(O) COS0. (1) 

This observation leads to a conclusion that, for any field orientation, (except 
of H exactly parallel to the ab plane), superconducting currents flow in the 
ah plane and the magnetic moment is parallel to the c axis. 

From the saturation magnetic moment msat for ff || c, we calculate the 
in-plane critical current density Jc(0 = 0). Taking into account the fact that 
msat is equal to one half of the hysteresis width at zero magnetic field, we 
apply a simplified formula [15] 



Je(0) =3msat(0)/W, 



(2) 
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Fig. 4. Angular dependence of the saturation magnetic moment for Y-Ba-Cu- 
O/Nd-Sr-Mn-0 superlattice NdY45 



where V - the sample volume, r - the mean sample radius. The extrapolated 
zero-temperature values of Jc are equal to 0.8, 140 and 20 x 10® A/m^ for 
samples NdY45, Y46, and D_3, respectively. 

Temperature dependence of the critical current density for our samples is 
shown in Fig. 5. In this figure, we compare our results to the results obtained 
by Darhmaoui and Jung [16] for oxygen-deficient Y-Ba-Cu-0 thin films. 
Darhmaoui and Jung observed a crossover from Ambegaokar-Baratoff-type 
temperature dependence of Jc to Ginzburg-Landau-like dependence with 
increasing oxygen deficiency. The temperature dependence of Jc for superlat- 
tice NdY45 points at a similarity in pinning properties between Y-Ba-Cu- 
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O/Nd-Sr-Mn-0 superlattices and oxygen-deficient Y-Ba-Cu-0 thin films 
with same Tc . 




Fig. 5. Temperature dependence of the scaled critical current for Y-Ba-Cu-0 thin 
film Y46 and Y-Ba-Cu-0 /Nd-Sr-Mn-0 superlattice NdY45, compared to the res- 
ults for Y-Ba-Cu-0 thin films from Ref. [16] 



Next, we analyze the low-field region of the magnetic field dependence 
of mirm ■ McElfresh et al. [9] have proposed an extension of the Bean model 
to describe Their model usually fails to describe quantitatively the 

entire magnetic field region; however, it gives good results in the vicinity of 
the critical field for the first flux penetration Hp and it is a very useful tool 
for determination of Hp . The model bases on the assumption that Jc a B“". 
Then, below the full flux penetration field 

+ ( 3 ) 

In Figure 6 we present a typical magnetic field dependence of m\rrn for 
sample NdY45. We fitted the formula from (3) to our experimental data, using 
two different exponents: n = 0 and n = 0.5. Equation (3) with the exponent 
n = 0.5 can describe m\rm(H) for Y-Ba-Cu-0 single crystals [9,13] and La- 
Sr-Cu-0 thin films in the present study. For thinner Y-Ba-Cu-0 thin films 
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and Y-Ba-Cu-O/Nd-Sr-Mn-0 superlattices, a better fit can be obtained by 
inserting the exponent n = 0 into (3). n = 0 means that Jc is independent of 
B as in the conventional Bean model [17]. We suggest that there is a possible 
crossover from the conventional Bean behavior to the extended Bean model 
with increasing sample thickness. 




Fig. 6. Comparison of fits of the magnetic field dependence of mirm to the experi- 
mental data. Two different exponents n were used 



Magnetic field dependence of mirm for sample NdY45 for several angles 
between the magnetic field direction and the normal to the surface is shown 
in Fig. 7. Prom the fits of (3) with n = 0 to the data, we obtain the values 
of Hp . Angular dependence of Hp for samples Y46 and NdY45 are presen- 
ted in Fig. 8(a). For comparison, the values determined at similar reduced 
temperatures are shown. Hp for superlattice NdY45 is by about one order of 
magnitude lower than for Y-Ba-Cu-0 thin film Y46. The angular depend- 
ence of Hp can be approximated by the formula, given by the 3D London 
theory [18] 

Hp = hIJ{{1 - cos^ 4, + {I- Nat)-^ sin^ (4) 

where 7 is the anisotropy ratio, Nc , Nab ~ demagnetizing factors. {Nab = 0 
for thin films.) We calculate the demagnetizing factor Nc from the initial 
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0.00 0.05 0.10 0.15 0.20 

|ToH (mT) 



Fig. 7. Magnetic field dependence of rriirm at low magnetic fields. Lines show results 
of the fits of the conventional Bean model to the data 



slope of the magnetic moment for <^ = 0 A.mlAH\fj\\c (below Hp) and the 
sample dimensions. The calculated values are listed in Table I. The measured 
magnetic moments are by 30 - 50% lower than the values, expected from an 
approximation of the shape of the sample by an ellipsoid [19]. We interpret 
this result by considering that, in the perpendicular magnetic field, magnetic 
field lines are strongly curved at the surface of a thin film [20]. Therefore, 
below Hp , a thin surface layer (of the thickness Aes) of the thin film is already 
penetrated by the magnetic flux, from both sides. 

By introducing the calculated demagnetizing factors Nc, we obtain the 
angular dependence of fifci(0) = Hp{(i)){l - Nc)~^ cos<^, which is plotted in 
Fig. 8(b). Hci for superlattice NdY45 is significantly lower than for Y-Ba- 
Cu-0 thin film Y46. This is another similarity between Y--Ba-Cu-0/Nd- 
Sr-Mn-0 superlattices and oxygen-deficient Y-Ba-Cu-0, where the penet- 
ration depth increases with increasing oxygen deficiency [21] and, hence, Hd 
becomes lower. 

The obtained values of Hd for Y-Ba-Cu-0 thin film are much higher 
than the values, previously reported for Y-Ba-Cu-0 crystals. Since the lower 
critical field is inwrsely proportional to the square of the penetration depth, 
such a high Hd would lead to a very short penetration depth Aeff . To clarify 
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Fig. 8. Angular dependence of the critical field for the first vortex penetration 
and the lower critical field Hci for Y-Ba-Cu-O thin film Y46 and Y-Ba-Cu-O/Nd- 
Sr-Mn-0 superlattice NdY45 



this possibility, we analyze the temperature dependence of the magnetic mo- 
ment, measured in low magnetic fields, which is presented in Fig. 9. Following 
Ref. [22], we fitted (5) to the experimental data 



‘mzFcjT) 

m(0) 



1 - 



2A(T) 

d 




d 

2A(T) 



) 



We used the two-fluid formula 



KT) 

m 



(-( 



8 ') 



4x-l/2 



( 5 ) 



(6) 
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From these measurements, we obtained a penetration depth Aeff small com- 
pared to the sample thickness d. The effective penetration depth values, ob- 
tained from different experiments, are listed in Table II. Although different 
experiments give different values of Aes, all the values are much smaller than 
Xab for bulk samples. 



Table 2. Penetration depth determined from different experiments 

Sample dm/ dH\H\\c Hci mzFc(T) Bulk samples 
code Aeff (nm) Aeff (nm) Aeff (nm) Kb (nm) 



NdY45 


131 


107 


- 


- 


Y46 


55 


21 


5 


140 


D 3 


128 


63 


23 


400 



4 Summary 

In summary, we have investigated magnetic properties of Y-Ba-Cu-0 and 
La-Sr-Cu-0 thin films and Y-Ba-Cu-O/Nd-Sr-Mn-0 superlattices, by the 
isothermal remanent magnetic moment method, for various angles between 
the magnetic field direction and the normal to the sample surface. 

The angular dependence of Hci and the critical current density has been 
determined. 

Y-Ba-Cu-O/Nd-Sr-Mn-0 superlattices present many similarities to 
oxygen-deficient Y-Ba-Cu-0 samples. In comparison to fully oxygenated 
Y-Ba-Cu-0 thin films, Tc is lower in these superlattices, pinning is much 
weaker, A is longer and the temperature dependence of Jc reflects that of 
deoxygenated Y-Ba-Cu-0 thin films. 

The following scenario of the first flux penetration emerges from the res- 
ults of the present study. Due to a strong demagnetization effect in HTSC 
thin films, magnetic field lines are strongly curved near the sample surface. 
In the magnetic field lower than Hp , a thin layer of the thin film sample is 
already penetrated by the flux lines. The thickness of this layer is smaller 
than the penetration depth of a bulk superconductor and manifests itself as 
an apparently short effective penetration depth, giving rise to large values of 
Hci in thin superconducting samples. 
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Fig. 9. Temperature dependence of the magnetic moment for Y-Ba-Cu-0 thin film 
Y46 and La-Sr-Cu-0 thin films, for the magnetic field oriented almost pMallel to 
the thin film surface. Lines show the fits of the two-flnid temperature dependence 
of the penetration depth to the data 
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Abstract. The basic parameters describing the superconducting state, such 
as the penetration depth and the coherence length of the members of 
HgBa2Can-iCu„02n+2+x {n = 1, 2, and 3) are presented. The data was ana- 
lyzed in order to determine superconducting carrier concentration and effective 
mass. The low position of the irreversibility line in H — T phase diagram of 
HgBa 2 Can-iCun 02 n+ 2 +x is related to relatively small values of the thermody- 
namic critical field in comparison with that one of YBa 2 Cu 307 -a, . The necessciry 
conditions to be fulfilled to improve the irreversibility line position for Hg-based 
compounds are discussed. 



1 Introduction 

The irreversibility line (IL) for Hg-based compounds is located at relat- 
ively low position in the H - T phase diagram [1-9]. Furthermore, it is not 
improved significantly at high temperatures even in the materials with ar- 
tificially introduced pinning centers [10,11]. This means that the intrinsic 
parameters of Hg-based compounds, which control flux pinning, are not as 
good as those for some other high-Tc superconductors, e.g. YBa 2 Cu 307 _ 3 , 
(Y-123). On the other hand, the highest transition temperature among 
the high-Tc superconductors, equal to 135 K under normal pressure, was 
achieved for the (optimally doped) mercury-based copper-oxide compound 
HgBa2Ca„_iCu„02n+2+x with n = 3 (Hg-1223) [12]. At a working temper- 
ature of 77 K, it is possible to operate with the superconductor for T/Tc ratio 
as low as 0.57. The value of 0.57 still is very high in comparison with one 
of 0.18 for classical Nb-based superconductors with of 23 K, operating at 
liquid helium. Nevertheless, far away from the transition temperature, the 
fluctuation effects are significantly diminished, and the working conditions 
for Hg-1223 become relatively stable. Therefore, the high Tc’s of Hg-based 
superconductors provide a strong motivation for trying to improve the flux 
pinning properties of these compounds. 

In the present paper, the basic parameters describing the superconducting 
state, such as the penetration depth and the coherence length for optimally 
doped HgBa2Ca„_iCu„02n-i-2-i-x superconductors with n — 1,2, and 3, are 
given. The low position of the irreversibility line (IL) in the H — T phase 
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diagram, limiting possible applications for the Hg-based superconductors, is 
explained by relatively small values of the thermodynamic critical field. The 
influence of chemical substitutions on the irreversibility line position is dis- 
cussed. The necessary conditions to be fulfilled to improve the IL position 
for Hg-based compounds are suggested. The magnetic susceptibility data ob- 
tained for the overdoped Hg-1223 under hydrostatic pressure suggest that the 
copper-oxide planes for the materials with n > 3 are not doped equivalently, 
i.e. not all the planes in the material with the highest Tc are doped optim- 
ally. This effect may be caused by various chemical environments for diff'erent 
Cu-0 planes in the materials with n > 3. 



2 Thermodynamic Parameters 



The superconducting-state thermodynamic parameters of homologous series 
HgBa 2 Ca„_iCu„ 02 n-i- 2 +x were derived from measurements of the reversible 
dc magnetization M{H,T) in magnetic fields H, where Hci -C i? i?c 2 , 
applied both parallel (H || c) and perpendicular {H J. c) to the c-axis of the 
grain-oriented samples (perpendicular and parallel to the Cu 02 planes for the 
first and second field configuration, respectively). For high-Tc cuprates, there 
exists a broad field domain where Hd H iJc 2 • Within such a range of 
field the reversible magnetization M is known to be linearly proportional to 
In H (Refs. 13 and 14) such that: 



M{H) = - 



#0 

32 ^ 



In 



'nHc2\\c 

eH 



for H parallel to the c-axis, and 



M(H) = - 



^0 

327t2A„,A, 



In 



yHc2Xc 

eH 



( 1 ) 

( 2 ) 



for if -L c. Here is the flux quantum, A„6 - the penetration depth in 
the ab plane, Ac - the penetration depth along the c-axis, f?c 2 - the upper 
critical field in the direction of applied field, and rj - a constant of the order 
of unity. The dependence of M on In if is derived directly from the London 
model [15], which assumes that the normal vortex cores (of radius ^) do 
not overlap. In order to diminish the influence of thermal fluctuations on 
the M{H) dependence, the magnetization measurements were performed at 
relatively low temperatures. For the samples of Hg-1201, Hg-1212, and Hg- 
1223 with Tc of 96, 127, and 135 K maximum applied temperatures were 
equal to 88, 110 and 110 K, respectively. In such a case, the coherence length is 
relatively small. The interaction between cores is negligible and the conditions 
of the applicability of (1) and (2) are fulfilled. Therefore, the equations were 
applied as the basis for the analysis of the experimental data. 

The magnetic measurements of grain-aligned Hg-12(n— l)n (n = 1, 2 and 
3) samples were performed using a commercial 5.5 T SQUID magnetometer 
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(Quantum Design). The magnetization M was measured at fixed temper- 
atures as a function of magnetic field H for both field configurations, i.e. 
H II c-axis and H J. c-axis [16]. Prom the experimental M{H) data, the 
penetration depth and the upper critical field were determined at different 
temperatures. For the measurements performed on polycrystalline materials, 
the imperfect alignment of the grains has an influence on the M - H re- 
lation. Because of the anisotropy of the material, i.e. much larger than 
Xab , the uncertainty in the determination of the in-plane penetration depth 
and the value of i?c 2 ||c is much smaller than the uncertainty in the determ- 
ination of Ac and Hc 2 ±c > respectively. In most cases, the experimental data 
for H II c-axis is reliable within the accuracy of the order of 10%, even for 
the granular materials with the grains not perfectly aligned. In the present 
paper, the analysis and discussions are concentrated on the in-plane com- 
ponents of the anisotropic superconducting-state parameters only, i.e. on the 
in-plane components of the penetration depth, coherence length, and related 
parameters. 

The experimental data for Xab(T) and Hc 2 \\c{T) of Hg-1201 is presen- 
ted in Fig. 1. The data for A(T) is described by empirical relation A(T) = 




Fig. 1. Temperature dependence of the penetration depth Xab and the upper critical 
field Hc 2 \\c for Hg-1201. The experimental data for A(T) and Hc 2 {T) is described 
by empirical relations A(T) = A(0)/[1 - (T/Tc)^ '^®]® ® and Hc 2 {T) = Hc2(0)[l - 
(T/Tc)'*], respectively 



''^(0)/[l - where A(0) is a fitting parameter, and A and B are 

constants equal to 2.76 and 0.6, respectively. This formula approximates well 
the temperature dependence of the penetration depth, over a wide range of 
temperature in the clean BCS limit. The experimental data for Hc 2 (T) is de- 




Superconducting-State Parameters and Flux Pinning 



81 



scribed by relation Hc 2 (T) = -ffc2(0)[l — (T/Tg)^]. Similar results have been 
obtained for Hg-1212 and Hg-1223. The superconducting state parameters 
Aat(O) and ifc 2 ||c( 0 ) were estimated by extrapolation of the Xab{T) and the 
Hc 2 \\c{T) to zero temperature. Obtained values are presented in Table 1. The 
o6-plane components of the coherence length ^ab were estimated applying 
the relation ^ab = (^o/27ri?c2||c)^^^ for the given values of Hc 2 \\c- The values 
of Hc\\\c were calculated using the following formula [17]: 



Hc2\\c - 









In I ^ I + 0.5 

sab 



The thermodynamic critical field was estimated from the relation: 

' InKiig J 



Ik 



( 3 ) 

( 4 ) 



where Ginzburg-Landau parameter k for H parallel to the c-axis is defined 
by the relation K||g = Xab/^ab ■ 

The relation between superconducting carrier density, Ug , effective mass, 
m*, and measurable penetration depth, A, is given within the clean limit 
approximation by formula: 



a-2 






( 5 ) 



with m* substituted by m*j, and m* for the a6-plane and the c-axis com- 
ponents of the penetration depth, Aoi, and Ag , respectively. To determine the 
values of and m*;, it is necessary to derive at least one more equation relat- 
ing measurable variables with carrier concentration and effective mass. Since 
the coherence length, is proportional to the velocity at the Fermi surface, 
«F, and Up is related to n and m* , additional equation relating measurable ^ab 
with superconducting carrier density and effective mass at the temperature 
of OK can be derived as follows [18]: 

^ ah^{Z'K'^nsfl^ , . 

with a = 0.18 in BCS theory. 

The values of thermodynamic parameters for Hg-12(n-l)n family with 
n = 1, 2, 3 [16,18,19] presented in Table 1 are compared with those for op- 
timally doped YBaaCusOy-i [20-22]. The values obtained by us are rather 
well correlated with the values published recently by other authors for the 
in-plane components of the parameters describing superconducting-state of 
the optimally doped Hg-12(n— l)n [23-27]. The most reliable data concerning 
the anisotropy of Hg-12(n-l)n were found in torque measurements performed 
on single crystals by Hofer et al. [28] and by Rossel et al. [29]. Their results 




82 



R. Puzniak 



Table 1. Basic thermodynamic parameters characterizing superconducting state 
of Hg-based superconductors and Y-123. Vf is the velocity at the Fermi surface, 
Ef - the Fermi energy, Tp - the Fermi temperature, and me - the electron mass 



Parameter 


Hg-120r 


Hg-1212* 


Hg-1223* 


Y-123* 


Tc (K) 


96“ 


127*’ 


135*’ 


92.2“* 


Aat(O) (A) 


2600“ 


2050*’ 


1540*’ 


V 

0 

00 


HoHc2||c(0) (T) 


72“ 


llO* 


88*’ 


122“* 


ea6(0) (A) 


21.1 


16.6 


19.3 


16.4“* 


-ffci||c(0) (Oe) 


129 


208 


339 


900^ 


ffc(O) (Oe) 


4400 


7000 


8300 


16000» 


«||c(0) 


123 


123 


80 


74“’** 


ria(O) (cm“^) 


7.8 X 10^°“ 


9.8 X 10^°“ 


1.6 X 10^1“ 


1.6 X 10**^* 


"mabW/me 


1.9“ 


1.5“ 


1.4“ 


4.5* 


VFab (cm/s) 


1.5 X 10’’“ 


1.5 X 10’’“ 


1.9 X 10’*'“ 


1.1 X 10'*' 


Ef (eV) 


0.11 


0.10 


0.14 


0.14 


Tf (K) 


1300 


1100 


1600 


1600 


Tf/Tc 


14 


9 


12 


18 



* All materials optimally doped; “ Ref. 18; ^ Ref. 16; Ref. 19; Ref. 20; ‘ Ref. 21; 
■^Ref. 22; » Calculated using presented values of Ffei||c(0), H^2\\c{0), and /t||c(0); 
^The value of K||c( 0) = Aa6(0)/^at(0) calculated using the values of Aa6(0) and 
^aii(O) from Refs. 21 and 20, respectively, is equal to 54; ‘ Calculated using 7 = 
Ao 6 /Ac value from Ref 21. 



indicate that the anisotropy value 7 = increases with increas- 

ing number of copper-oxide planes and varies from 27 for Hg-1201 to 44 for 
Hg-1223 [28,29]. 

A comparison of superconducting parameters for 
HgBa 2 Ca„_iCu„ 02 „+ 2 +a: with those for Y-123 yields the following 
conclusions: The value of the a 6 -plane components of the penetration depth 
for Hg-12(n— l)n phases (n = 1, 2, 3) are generally higher than that for 
Y-123, whereas the o 6 -plane component of the coherence length for Hg- 
based superconductors and that for Y-123 are similar. The above relations 
are very well correlated with the estimated values of superconducting carrier 
concentration being one order of magnitude smaller for Hg-based family 
than for Y-123. The differences in the superconducting carrier effective 
mass are much smaller. The Ginzburg-Landau parameters k = A/^, for 
Hg-based superconductors are higher than that for Y-123. Finally, the 
isotropic thermodynamic critical fields. He , for Hg-12(n-l)n are lower than 
that for Y-123. 

The differences in the basic thermodynamic superconducting-state para- 
meters between Hg-12(n-l)n and Y-123 have a significant influence on the 
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properties that determine the possible applications of the superconducting 
material. The lower position for the irreversibility line of Hg-based supercon- 
ductors, in comparison with that of Y-123, can be related to the differences in 
the values of thermodynamic critical field between Hg-12(n — l)n and Y-123. 
In terms of flux creep description, the irreversibility field is proportional to 
the activation energy, U, which is proportional to the product of Hq 2 and ^ 
[30,31]. This is significantly smaller for the Hg-12(n — l)n compounds than 
for Y-123, because of smaller values of He . However, higher anisotropy for 
the Hg-based compounds, in comparison with that for Y-123, also leads to 
worse pinning properties of Hg-12(n — l)n superconductors. 

3 Irreversibility Line, Critical Current 
and the Possibility of Their Modification 

At high temperatures and in low fields, the vortex structure for the magnetic 
field H II c-axis can be well described by three-dimensional (3D) flux lines 
behavior. In higher fields and at lower temperatures, a crossover to two- 
dimensional (2D) “pancake” vortex structure is observed for layered materials. 
Using the description of Houghton et al. [32], based upon a thermodynamic 
melting of the flux lattice (in the limit of negligible pinning), the irreversibility 
line in high temperature range can be described by: 

Hee{T) = Ho{l-TITer, (7) 

where Hq oc 1/(A^j(0)7^). Here 7 = (m*/m*j)^/^ is the effective mass an- 
isotropy. From the above, it is obvious that an improvement of the irrevers- 
ibility line position can be achieved by decrease of the penetration depth 
or by decrease of the effective mass anisotropy. A decrease of A can be 
achieved by an increase in and/or a decrease in m*. The changes in the 
effective mass anisotropy are related to the changes in the coupling between 
superconducting layers of the material. Since this coupling is Josephson- 
like, its strength is exponentially reduced with increasing interlayer distance 
[33,34]. The interlayer distance generally increases from YBa2Cu307_x and 
CuBa2Ca„_iCu„02„+2+x (Cu-12(n - l)n), across La2-xSrxCu04 (La-214) 
and HgBa2Ca7i— 1 Cu7x02n+2-{-x j fa Hi2Sr2Can— iCu,i02n+4-t-x (Bi— 22(n 1)77.), 
and so the irreversibility line position decreases. The interlayer coupling in 
the material can be improved by shortening the “blocking layer” distance (the 
distance between groups of n CUO2 conducting planes) and by the increase 
of electrical conductivity in the blocking layer, which can eventually lead to 
proximity-induced weak superconductivity in the blocking layer [35]. The 
above factors controlling the position of the irreversibility line are related to 
the intrinsic parameters of the material. There is another, extrinsic possib- 
ility of an improvement of the irreversibility line position - the introduction 
of more effective pinning centers into material. Such centers are usually very 
effective at relatively low temperatures, where the thermal activation energy 
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is small in comparison with the pinning energy. However, the effectiveness 
of the pinning centers may decrease rather fast with increasing temperature, 
and pinning may be ineffective close to T^. Finally, a shift of the irrevers- 
ibility line to higher fields and temperatures in the H - T phase diagram 
may originate from the existence of a surface barrier making the movement 
of vortices more difficult. 

Recently, significant improvement in the flux pinning of the mercury based 
ceramic samples with Hg partially replaced by Re or Cr and with Ba re- 
placed by Sr was reported in the literature several times [36-42]. Shimoyama 
et al. [36-40] have argued that: (1) the substitution of Sr for Ba significantly 
shortens the blocking layer by about 0.8 - 0.9 A [39]; and (2) the chem- 
ical substitution at the Hg site may make the blocking layer more metallic 
[35,40]. Chmaissem et al. explored the possibility that extended defects in 
a chemically substituted HgSr 2 Cu 04 +a compound could act additionally as 
pinning centers [41]. Studies of Fabrega et al. [42] performed on grain-aligned 
Hgi-a:Rea;Ba2Ca2Cu308+x samples showed that Re substitution enhances 
bulk pinning at high temperatures as well as at low temperatures. 

In order to study the influence of different factors on the irreversibility 
line position we determined the /firrCr) in a wide temperature range for Re 
substituted HgBa2Ca2Cu308+a: single crystals with Tc of 130 K [10]. The 
results were compared with the data obtained for HgBa 2 Ca 2 Cu 3 08+x single 
crystals with the same transition temperature. The characteristic features 
of Re-substituted crystals, in comparison with single crystals of the parent 
compounds, are (1) planar defects (faults) caused by Re substitution, act- 
ing as pinning centers, (2) a small shortening of the c-axis lattice constant 
in comparison with that one for the material without substitution {Re sub- 
stitution decreases the blocking layer distance Ba-Ba by about 0.2 A [43]), 
and (3) a possibly more metallic character of the blocking layer obtained as 
a result of chemical substitution at the Hg site. 

The temperature dependence of the irreversibility field for 
(Hg,Re)Ba2Ca2Cu308+x (HgRe-1223) in the magnetic field applied along 
the c-axis of the crystal is presented in Figure 2. The values of Hi„ plotted 
as a function of reduced temperature (1 - T/Tc) are compared with the 
data obtained for almost optimally doped Hg-1223 crystal with Tc « 130 K. 
At high temperatures (T > 90 K), the IL for HgRe-1223 is essentially 
the same as the IL for the parent compound. In this temperature region, 
presumably the pinning energy of defects caused by Re substitution is low 
in comparison with the thermal activation energy. The comparison of Ri„ 
data obtained for Re doped HgRe-1223 and for undoped parent compound 
of Hg-1223 excludes any significant direct influence of Re substitution on 
Hg site on the position of the irreversibility line at high temperatures. 
Hence, no improvement of the coupling between superconducting layers 
was achieved by making the blocking layer more metallic as a result of Re 
substitution into HgBa 2 Ca 2 Cu 3 08+x- Additionally, planar defects separating 
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domains formatted by the Re- 06 octahedra do not improve the position 
of the irreversibility line of HgRe-1223 crystals at high temperatures. Only 
a significant shortening of the blocking layer may be effective to improve 
position of the at high temperatures in H - T phase diagram. 




Fig. 2. The temperature dependence of the irreversibility field in the magnetic field 
applied along the c-axis for HgRe-1223 crystal, compared with the data obtained 
for Hg-1223, Bi 2 Sr 2 CaCu 2 08+x [44], and Lai. 8 eSro.i 4 Cu 04 [45] 



Figure 2 presents also a comparison of the irreversibility lines for HgRe- 
1223, Bi2Sr2CaCu208+a: [44], and Lai. 86 Sro,i 4 Cu 04 [45]. All the ILs were 
determined from the magnetization measurements and correspond to the crit- 
ical current density criterion 10 A/cm^. The IL of HgRe-1223 is apparently 
located in higher magnetic fields and at higher temperatures than the IL of 
Bi-2212 - the compound with much higher anisotropy and greater interlayer 
spacing. On the other hand, the comparison of HgRe-1223 and La-214 (sys- 
tem with lower anisotropy than HgRe-1223 and much better intercell coupling 
strength) shows a difference in the position of the IL only at high temperat- 
ures. At low temperatures, the effectiveness of pinning centers introduced by 
Re substitution leads to similar values of iJirr for both compounds. 

Figure 3 presents the width of hysteresis loops for HgRe-1223 determined 
in magnetic field of 6, 8, and lOkOe at temperatures where the critical state 
inside the superconductor is well established. The width of the loop is pro- 
portional to the critical current density. The temperature dependence of the 
critical current density Jc is often described approximately by the formula: 
Jc{T) — Jc(0) exp(-T/To) over a certain magnetic field range [46,47]. The 
fitting parameter To characterizes the decrease of Jc with increasing temper- 
ature. The magnitude of To changes slightly over the field (see for example, 
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behavior of Jc(T) found for CuBa 2 Ca 3 Cu 40 io+a; {T^ = 117 K) with Tq of 
about 12 K [48]). The magnitude of To may be used to estimate the capabil- 
ity of the HTSC to be operated at high temperature, and definitely a higher 
value of To would be preferred for application. According to the value of 
To , the materials can be classified into various groups. The YBa 2 Cu 307 _a, 
and CuBa 2 Ca 3 Cu 4 0io+a: compounds characterized by an average To « 14K 
rank in the most steady ones, Bi-2212 system characterizes the lowest value 
of To « 4K [49]. As one can see in Fig. 3, for HgRe-1223 crystal we found 
To Rs lOK in the temperature range 50 - 80 K. This confirms that from the 
point of view of applications, HgRe-1223 has properties still worse than those 
of Y-123. 




Fig. 3. The width of hysteresis loops for HgRe-1223 determined in magnetic field of 
6, 8, and lOkOe at temperatures where the critical state inside the superconductor 
is well established 



Our studies indicate that, despite the existence of new pinning centers, the 
improvement of the irreversibility line position in the H — T phase diagram 
may be achieved in the higher temperature region by shortening the blocking 
layer thickness in the material only. This may be achieved by substitution 
into the Ba sites of Sr atoms or other elements with small ionic radius. 

4 Pressure Effects 

For layered high-Tc superconductor, the increase in the Tc under hydrostatic 
pressure may indicate the charge transfer from the charge reservoir layer to 
the conducting layer. For mercury-based superconductors, the charge trans- 
fer may be governed by charge balance between the mixed-valence cations. 
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namely, the mercury in the charge reservoir of Hg-12(n— l)n and the copper in 
the conducting layers [50]. It may suggest the possibility of the achievement 
of higher transition temperature for the material with optimized doping. 

The high-pressure synthesis and characterization of a series of Hg-1223 
samples in which the doping state was successfully varied from a strongly 
overdoped side to the underdoped region by tuning the oxygen content only 
has been reported recently [51,52]. For the present magnetization studies un- 
der hydrostatic pressure, three Hg-1223 samples with clearly different doping 
states were selected. 

Zero-field-cooled dc magnetization measurements under hydrostatic pres- 
sure up to 1 GPa have been performed with commercial vibrating sample 
magnetometer in magnetic field of 10 Oe. A small cylindrical sample with 
diameter of about 1 mm and the length up to 6 mm was placed into a bronze 
container where hydrostatic pressure up to 1.2 GPa was applied at room tem- 
perature (see, for example paper by Dyakonov et al. [53]). The sample was 
cooled down to 4.2 K at zero magnetic field and the M{T) dependence was 
recorded for increasing temperature in magnetic field of 10 Oe. The increase 
of the Tc under hydrostatic pressure was found for all of the investigated 
materials, i.e. underdoped Hg-1223 with of about 119 K, almost optimally 
doped with Tc of about 131 K, and overdoped with Tc of about 108 K. The 
largest shift of Tc of about 2K at a pressure of the order of 1 GPa (lOkbar) 
was found for underdoped Hg-1223. The shift of Tc under hydrostatic pres- 
sure is least spectacular for the overdoped material. However, as it is shown in 
Figure 4, the shift is equal to about 1 K under the pressure of about 8.9kbar 
(0.89 GPa). In the overdoped region for the materials with smaller number 
of copper-oxide layers, the decrease of Tc under hydrostatic pressure was re- 
ported [54]. Since the increase of Tc under hydrostatic pressure was observed 
in the overdoped range of Hg-1223, i.e. for the sample with the carrier con- 
centration higher than that one corresponding the maximum of Tc in the 
series, the obtained results may indicate that the copper-oxide planes for the 
materials with n > 3 are not doped equivalently, i.e. not all the planes in the 
material with the highest Tc are doped optimally. 

5 Conclusions 

Mercury-based copper-oxide superconductors are interesting from a point 
of view of applications because of their high transition temperature values. 
Unfortunately, the intrinsic flux pinning properties of the material are not as 
good as properties of some other high-Tc superconductors. The low position 
of the irreversibility line in the H — T phase diagram, limiting possible applic- 
ations for the Hg-based superconductors, is related to relatively small values 
of the thermodynamic critical held. The improvement of the irreversibility 
line position may be achieved in the higher temperature region by shorten- 
ing the blocking layer thickness in the material only. This may be achieved 
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Fig. 4. Temperature dependence of magnetic susceptibility near Tc for Hg-1223 
with carrier concentration above that one corresponding the marcimum Tc in the 
series: overdoped Hg-1223, under normal pressure and the pressure of 3.7 and 
8.9kbar above it 



by substitution into the Ba sites of Sr atoms or other elements with small 
ionic radius. The dc magnetic susceptibility data obtained for the overdoped 
Hg-1223 under hydrostatic pressure suggest that the copper-oxide planes for 
the materials with n > 3 are not doped equivalently, i.e. not all the planes 
in the material with the highest Tc are doped optimally. The effect may be 
caused by chemical differences in the vicinity of different Cu-0 planes for the 
materials with n > 3. 
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Abstract. We present the results of the oxygen isotope effect study in colossal 
magnetoresistive manganate Lai-xCaiMnOs+j, using electron paramagnetic res- 
onance (EPR). We observed strong isotope effects on EPR intensity and linewidth 
which can be explained by a model where a bottlenecked spin relaxation takes place 
from the exchange-coupled constituent Mn'*'*' ions via the Mn^"*" Jahn-Teller ions 
to the lattice. For x = 0.2 the ferromagnetic exchange energy J exhibits a 
oxygen isotope effect of ~ —10%. The observed isotope effects suggest the presence 
of Jahn-Teller polarons in these materials. 

We also report the results of the similar study in cuprate superconductors 
La 2 -xSrxCu 04 . Experiments showed large oxygen isotope effect on EPR linewidth. 
It was found that isotope effect is strong in samples with small Sr doping and de- 
creases with Sr concentration increase. These results provide the first microscopic 
evidence for the polaronic charge carriers in the cuprate superconductors. 



1 Introduction 

In most materials, magnetic and electronic phenomena at room temperature 
and below are essentially unaffected by lattice vibrations because the elec- 
tronic and lattice subsystems are decoupled according to the Born-Oppen- 
heimer adiabatic approximation. The atoms can usually be considered as 
infinitely heavy and static in theoretical descriptions of electronic phenom- 
ena. However, this approximation would break down in compounds where 
there is a strong Jahn-Teller (JT) effect. Hock et al. [1] studied theoretically 
a one-dimensional conductor with JT ions. They showed that small JT po- 
larons can be formed when the JT stabilization energy is comparable with 
the bare conduction bandwidth. Polarons are not “bare” charge carriers, but 
carriers dressed by local lattice distortions. In other words, the electronic and 
lattice subsystems are no longer decoupled, so one would expect that lattice 
vibrations should affect electronic quantities. 

To be more specific, the polaronic nature of the charge carriers can be 
demonstrated by the oxygen isotope effect on the effective bandwidth Weft 
of polarons, which in turn depends on the isotope mass M [2]: 

IPefF OC , (1) 
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where W is the bare conduction bandwidth, Eh is the binding energy of 
polarons, w is the characteristic frequency of the optical phonons depending 
on the isotope mass M (w a The dimensionless parameter 7 is 

a function of Et/W with 0 < 7 < 1. 

2 Magnetoresistive Manganates 

Recently, the ferromagnetic systems Lai-xMe^MnOs+y (where Me = Ca, 
Sr,Ba) have become the focus of scientific and technological interest because 
of the colossal magnetoresistance (CMR) effects found in these materials [3]. 

Doped manganese perovskites are mixed-valent systems containing Mn^+ 
and Mn^+ ions. The magnetic and electronic properties in these compounds 
have traditionally been examined with the double exchange (DE) model, 
which considers the transfer of an electron between neighboring Mn^+ and 
Mn'*+ ions through the Mn-O-Mn path [4]. The electron transfer depends on 
the relative alignment of the electron spin and localized Mn^"^ spin. When the 
two spins are aligned, the carrier avoids the strong on-site Hund exchange en- 
ergy and hops easily. Thus the DE model provides an explanation for a strong 
coupling between the charge carriers and the localized manganese moments. 
However, recent theoretical considerations indicated that DE alone does not 
explain the CMR, and that polaronic effects due to a very strong electron- 
phonon coupling should be included [5,6]. The strong electron-phonon coup- 
ling is expected because the electronic ground state of the Mn^+ ions is 
degenerate and this degeneracy is removed by a spontaneous distortion of 
the surrounding lattice, known as the Jahn-Teller (JT) effect [7]. A recent 
demonstration of a giant oxygen isotope shift of > 20 K on the ferromagnetic 
transition temperature Tc by Zhao et al. [8] provided direct experimental 
evidence of the strong coupling of the charge carriers to JT lattice distor- 
tions and of JT polaron formation in Lai-xCa^MnOs-i-y . 

We measured the temperature dependence (Tc < T < 3Tc) of the EPR for 
ceramic powder samples of Lai-xCa^MnOs+y with x = 0.1, 0.2 which were 
substituted by different oxygen isotopes (^®0 and ^*0). The samples used 
here are the same as those studied by Zhao et al. [8]. The EPR measurements 
were performed at 9.4 GHz using BRUKER ER-200D spectrometer. A strong 
symmetric EPR signal with a lineshape very close to Lorentzian and g-value 
of 2.0 was observed over the whole range of temperature investigated. Two 
typical EPR signals are shown in Fig. 1. 

The temperature dependence of the linewidth for the x = 0.2 sample with 
different oxygen isotopes is shown in Fig. 2. With decreasing temperature 
the linewidth decreases, passes through the minimum at some temperature 
Tmin and increases on further cooling to Tc . It is interesting that Tmin in 
the ^*0 sample is shifted to lower temperatures in comparison with the 
sample and that there are significant differences in linewidths below T^in ■ 
The integral intensity I of the EPR signal decreases with temperature much 
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Fig. 1. EPR signal of and *^*0 samples of Lao. 8 Cao. 2 Mn 03 +j, measured at 
T = 300 K under identical experimental conditions. The fits with Lorentzian line 
shape are indicated by solid lines 



faster than would be expected according to the Curie law. To show this, we 
plot in Fig. 3 the product J x T versus temperature. From Fig. 3 one can see 
that the intensity of the EPR signal in the sample is higher than in the 
^*0 sample. 

In order to understand the striking differences of resonance linewidths 
and intensities in different oxygen isotope samples, it is necessary to clarify 
first the origin of the EPR signal in manganese perovskites. We propose that 
the EPR signal observed in Lai_a,Caa;Mn 03 +y is primarily due to Mn^+ (3d® 
with S = 3/2) ions. In an octahedral anion crystal electric field this ion has 
a ground state, corresponding to an orbital singlet A 2 . Consequently the 
spin-lattice relaxation is weak and this makes EPR of Mn'*"*' easy to observe 
even at high temperatures [9]. The Mn®'*" (3d^ with 5 = 2) is unlikely to 
have an observable EPR signal as it exhibits a large zero-field splitting and 
strong spin-lattice relaxation (the ground state of Mn®+ ion is the orbital 
doublet) [10]. 

However, it is clear that the observed signal cannot be attributed to isol- 
ated Mn'*+ ions. To construct a model of paramagnetic centers responsible 
for these EPR signals, it is important to point out that doped manganese 
perovskites are mixed valence compounds with Mn^+ and Mn®+ ions and 
strong ferromagnetic DE interaction between them. Thus, we should con- 
sider the EPR response of the system to contain three distinct components: 
Mn^+ ions: s, Mn®+ ions: a, and the lattice: L. Figure 4 shows a standard 
schematic picture for such a system, with arrows indicating possible relaxa- 
tion paths between components. The theory to describe such a system was 
developed in connection with the EPR of localized magnetic moments in 
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Fig. 2. Temperature dependence of the peak-to-peak EPR linewidth AHpp for 
and samples of Lao. 8 Cao. 2 Mn 03 +y. The inset shows the low temperature 
region on an enlarged scale 




Fig. 3. Temperature dependence of the integral intensity of EPR signal times tem- 
perature (/ X T) for and samples of Lao. 8 Cao. 2 Mn 03 +j,. The solid lines 
represent the best fit to (1) in the temperature range 250 K< T < 500 K 
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metals [11]. Assuming that the relaxation rate R^l of the Mn^+ spins to 
the lattice is much smaller than the exchange-induced cross relaxation rate 
Rffs (and back Rg^) between Mn^+ and Mn'*"'', and if the direct relaxation of 
Mn^+ ions to the lattice R^l is negligible {Rai, RsL < -R<rs, Rs<r), then a so- 
called “bottleneck” effect will take place in the transfer of energy between the 
spin subsystems [11]. In this limit magnetic energy which is transferred from 
the Mn^+ to the Mn^+ gpjn system is quite likely to be returned back rather 
than passed on to the lattice. Consequently, the relaxation of the system is 
dominated by the bottleneck due to the slow Mn^+ -lattice relaxation pro- 
cess. The concept of a “bottleneck” allowed us to explain many peculiar EPR 
features in Lai_a,Caj;Mn 03 +j, [12]. 




Fig. 4. Block diagram showing the energy flow paths for the and Mn^"*" spin 

subsystems and the lattice. The relaxation rate Rat represents relaxation from sub- 
system a to subsystem b. The thickness of the arrows is a measure of the magnitude 
of the particular relaxation rate Rat 



Using this model we fitted the temperature dependence of the EPR in- 
tensity. The result of the fit using only a single free parameter, namely, the 
exchange integral J, is shown in Fig. 3. The agreement with the experi- 
mental data is fairly good below 500 K. The fit yields J = 78(1) K for 
and J = 71(1) K for As can be seen from Fig. 3, above 500 K the intens- 
ity of the EPR signal drops faster than is predicted by (1). This deviation can 
be associated with a gradual transition from the bottleneck to the isothermal 
regime. 

In terms of the bottleneck model it is easy to explain the striking changes 
of the EPR linewidth and the intensity with oxygen isotope substitution if 
we assume that the exchange integral J is larger in samples than in 
samples. Indeed, according to this model, for ferromagnetic exchange ( J > 0) 
a larger J corresponds to a higher EPR signal intensity [12]. It is worthy to 
note that a fit to the data in Fig. 3 gives a value of J for the sample 
which is about 10% larger than for the ^*0 sample. This difference in J 
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should be compared with the 10% difference of observed in these samples 
(Tc ss 207 K and 186 K for the and ^*0 samples, respectively) [8]. The 
shift of Tmin to lower temperatures in the sample (see Fig. 2) can also 
be easily understood. This sample has a lower Tc due to the smaller J, thus 
critical broadening starts at lower temperatures in comparison with the 
sample. Here we should note that qualitatively the same results were obtained 
for the a: = 0.1 sample. The EPR linewidth and intensity also depend on the 
oxygen isotope mass, but the changes observed were slightly smaller then in 
the X = 0.2 sample, in accordance with the smaller oxygen isotope effect on 
Tc found for a; = 0.1 [8]. 

The analysis of our results leads to the conclusion that the ferromagnetic 
exchange integral between Mn^+ and Mn^+ ions depends on the oxygen mass 
and This important fact can be understood in terms of 

JT polaron formation in Lai_a,Caa,Mn 03 +j, . In the DE model the exchange 
integral J is proportional to the effective bandwidth Wen of JT polarons, 
which in turn depends on the isotope mass. According to (1), Weft, and in 
turn J, decreases with enhanced oxygen isotope mass, in agreement with the 
present experimental observations. 

3 Superconducting Cuprates 

The microscopic pairing mechanism for high-Tc superconductivity (HTSC) is 
one of the most controversial issues in condensed matter physics. Eleven years 
after the discovery of the HTSC by Bednorz and Muller [13], there have been 
no microscopic theories that can describe the physics of HTSC completely 
and unambiguously. Because of high values of Tc many non-phonon medi- 
ated mechanisms have been proposed. On the other hand, there is increasing 
experimental evidence that a strong electron-phonon coupling is presented in 
cuprates [14], pointing towards an important role of phonons in the pairing 
mechanism. 

In previous chapter we presented experimental evidence of polaronic 
charge carriers in the magnetoresistive manganates which share many com- 
mon features with cuprate superconductors: both systems, for example, show 
a strong JT effect. The formation of polaronic charge carriers in manganates 
arises from a JT effect. This may imply that such polaronic charge carri- 
ers should also exist in cuprates, because Cu^+ is even stronger JT ion than 
Mn^"^ . Several independent experimental results have indeed pointed towards 
this possibility [14-16]. 

To look for possible polaronic effects in cuprate superconductors, we per- 
formed EPR measurements in the La 2 -a;Srj:Cu 04 (LSCO) superconductor 
with different oxygen isotopes. In order to observe the EPR signal, this com- 
pound was doped with a few percent of Mn ions which replace Cu ions in 
copper-oxygen layer and serve as an EPR probe. Recently, Kochelaev et 
al. [17] have studied EPR of Mn^+ in LSCO and showed that the Mn^+ re- 
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laxation in this compound is bottleneck dominated. In these case the block 
diagram shown in Fig. 4 for manganates should also be applicable to cuprates. 
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Fig. 5. EPR signal of and samples of La1.94Sr0.06Cu0.98Mn0.02O4 measured 
at T = 50 K under identical experimental conditions. The fits with Lorentzian line 
shape are indicated by solid lines 




We studied several samples with different concentration of Mn (1-2 at.%) 
and Sr (0.06-0.20). The EPR signal was observed in all examined samples. 
The lineshape of the signal is Lorentzian and symmetric throughout the whole 
temperature range. The resonance field of the spectra corresponds to g ~ 2, 
a value very close to the g-factor for the Mn^+ ion. Figure 5 shows typ- 
ical EPR spectra for samples with different oxygen isotopes. Analysis of the 
spectra showed that the integral intensities of the EPR signals in two iso- 
tope samples is the same, but linewidths are different. This gives different 
amplitudes of signal for two isotope samples. The linewidth for sample 
is larger than for ^®0. The temperature dependence of the linewidth for the 
X = 0.06 sample with different oxygen isotopes is shown in Fig. 6. One can 
see from Fig. 6 that the isotope effect is temperature dependent. It is zero 
at high temperatures and increases with decreasing temperature. We studied 
isotope effect as a function of Sr concentration. It was found that isotope ef- 
fect is very large at small Sr concentration (underdoped region) and decreases 
with Sr doping to zero in overdoped region. This is similar to an isotope ef- 
fect on Tc in cuprate superconductors, which is also large in underdoped 
regime and decreases towards optimum doping [18]. At the moment there 
is no well established theoretical model to describe spin dynamics in doped 
cuprates. Therefore, it is difficult to fit the temperature dependence of the 
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EPR linewidth to extract some quantitative characteristics of the observed 
isotope effect. However, the observation of an oxygen isotope effect on EPR 
linewidth indicates an intimate connection between the lattice vibrations and 
magnetism and can be considered as a microscopic evidence for the polaronic 
charge carriers in cuprate superconductors. 




H(G) 

Fig. 6. Temperature dependence of the peak-to-peak EPR linewidth AHpp for ^®0 
and samples of La1.94Sr0.06Cu0.98Mn0.02O4 



4 Conclusions 

We studied the oxygen isotope effects (OIE) on EPR signal in the mixed 
valence perovskite Lai_j;Caj;Mn03+j, for and substituted com- 
pounds. We observed large OIE on the EPR intensity and linewidth which 
can be explained by a model where a bottlenecked spin relaxation takes place 
from the exchange-coupled constituent Mn‘*+ ions via the Mn^+ Jahn-Teller 
ions to the lattice. For x = 0.2 the ferromagnetic exchange energy J exhibits 
a OIE of ~ — 10 %. The observed OIE provide microscopic evidence 

of JT polaron formation in CMR manganates. 

Experiments on Mn-doped La2_xSra;Cu04 superconductor also show the 
OIE on EPR signal, which suggests the presence of polaronic charge carriers 
in high-Tc cuprates. 
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Abstract. The discovery of high-temperature superconductors (HTS) and associ- 
ated expectations of application of these materials in ultrafast electronics and opto- 
electronics has created an urgent need for a comprehensive experimental character- 
ization of time-resolved dynamics of carriers in HTS and their response to pulsed, 
external optical perturbations. The above goal was accomplished via comprehens- 
ive transient photoexcitation measurements of light-induced nonequilibrium phe- 
nomena in high-quality, epitaxial YBa 2 Cu 307 _i (YBCO) thin-film microbridge 
samples. The photoresponse from < lOOfs-wide laser pulses Wcis measured in the 
temperature range from 20 K to 80 K, using a subpicosecond electro-optic sampling 
system. The physical origin of the signal was attributed to the nonequilibrium 
electron heating effect, in which only electron states are perturbed by laser radi- 
ation, while the film phonons remain in thermal equilibrium. Prom the observed 
single-picosecond electrical transients, measured in the resistive state, we were able 
to extract, using the two-temperature model, the characteristic electron thermal- 
ization and electron-phonon relaxation time constants to be 0.56 ps and Lips, 
respectively. The nonequilibrium kinetic-inductive response was measured in the 
superconducting state, fitted into both the two-temperature and Rothwarf-Taylor 
models, and compared to the predictions of s- and d-wave pairing mechanism mod- 
els. No phonon trapping effect (typical for low-temperature superconductors) was 
observed in YBCO; thus, the quasiparticle lifetime was given by the quasiparticle 
recombination time and estimated from the Rothwarf-Taylor equations to be well 
below Ips, and approximately 1.8 ps from the two-temperature model. Prom the 
point of view of applications, the single-picosecond intrinsic response of a YBCO 
superconductor demonstrates that hot-electron HTS photodetectors should exhibit 
intrinsic bit rates exceeding 300 Gbit/s, making them one of the fastest optoelec- 
tronic switches, well suited for digital and communication applications. 



1 Introduction 

Studies of nonequilibrium phenomena in superconductors have been a sub- 
ject of intense investigations for the last 20 years [1,2]. Early transient optical 
experiments, performed on metallic superconductors using nanosecond and 
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picosecond pulses, were aimed towards the understanding of the dynamics of 
the photon-induced, nonequilibrium superconducting-to-normal transition 
[3,4], while the development of the submillimeter (GHz) modulation spectro- 
scopy resulted in studies of the electron gas relaxation times [5] and in the 
indirect observation of electron-phonon relaxation times at low temperatures 
[6]. The discovery of HTS materials has prompted a series of femtosecond 
photoexcitation experiments, with both pump and probe frequencies in the 
optical or near-infrared ranges [7-13]. These experiments were aimed towards 
the understanding of the hot-electron distribution at the Fermi surface [14- 
16], as well as the measurement of transient energy relaxation times. They 
have also demonstrated for the first time the existence of an ultrafast (sub- 
picosecond) optical response in HTS materials [7-11]. The results from HTS 
pump/probe experiments remain controversial, since it is necessary to have 
a detailed understanding of the energy band structure in order to convert 
the reflectivity data into a time-dependent electron temperature, but we can 
state that the optical response of YBa 2 Cu 307 _x (YBCO) at T > Tc under 
all levels of excitation, and at T < Tc under high-level excitations, consists 
of a fast, laser-pulse-limited rise (nonequilibrium electron heating), followed 
by an ultrafast electron-phonon scattering, and a much slower bolometric 
background. The nonequilibrium photoresponse transient without a thermal 
background can be observed in YBCO only at T < Tc under very low-fluency 
conditions [8,9]. The femtosecond response of the oxygen-poor and oxygen- 
depleted (Tc < 50 K) YBCO has been shown to be qualitatively different 
from that of the oxygen-rich material [11-13]. This latter result was directly 
associated with the presence of the charge transfer gap [12], as well as with 
the pseudogap-like features in the time-resolved excitation spectrum [17]. 

Direct measurements of the transient photoimpedance response in HTS, 
using a pulsed laser source and a high-speed oscilloscope were also performed 
[18-30] and resulted in determination of electron-phonon inelastic scatter- 
ing time near the transition temperature. They showed non-trivial, linear 
temperature dependence of the quasiparticle (QP) recombination time at 
low temperatures [19,20]. The relatively high-speed response of photoexcited 
YBCO near Tc [21] was initially surprising and many authors attributed 
nanosecond transients to nonequilibrium phenomena [22,23] while only a few 
claimed that all observations could be explained by equilibrium (bolometric) 
heating of the whole microbridge [24,25]. Fast photoresponse signals were also 
observed in the superconducting state far below Tc , and were interpreted as- 
suming nonequilibrium conditions [26-27], although an equilibrium mechan- 
ism was also suggested [28]. Finally, in some experiments, a nonequilibrium 
signal was observe to be superimposed on a large and broad bolometric back- 
ground [29,30]. A common disadvantage of direct, voltage-recording methods 
is a limited bandwidth of almost all-experimental arrangements used so far. 
A sophisticated circuit analysis has to be used in order to retrieve intrinsic re- 
laxation times from experimental data. Nevertheless, final results are always 
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obscured by relatively large errors, and the difficulty to properly distinguish 
between the nonequilibrium and bolometric responses. In the above context, 
femtosecond optoelectronic techniques are the most advantageous for HTS 
photoresponse experiments, since they exhibit up to 1 THz bandwidth (sub- 
picosecond time resolution) and high sensitivity [31]. Thus, they enable the 
direct determination of intrinsic thermalization and relaxation times. 

The aim of this work is to review our very recent optoelectronic studies 
on time-resolved QP dynamics in current-biased very-high-quality epitaxial 
YBCO thin films exposed to < lOOfs-wide laser pulses (390 nm wavelength) 
[32-34]. The experiments were performed using our cryogenic electro-optic 
(EO) sampling system, which can be regarded as an ultrafast (< 200 fs tem- 
poral resolution) and ultrasensitive (< 150 pV voltage sensitivity) s am pling 
oscilloscope. Thus, we were able to resolve the intrinsic response times in- 
volved in the photogenerated signal. We have measured photogeneration of 
single-picosecond electrical transients in microbridges in both the resistive 
(switched) and superconducting (flux-flow) states. In the resistive state, the 
photoresponse could be very well understand, both qualitatively and quant- 
itatively, in terms of the nonequilibrium electron heating model. In the su- 
perconducting state, light-induced pair breaking led to a rapid change of 
superfluid density which in the presence of a bias current gave rise to an 
oscillatory transient due to nonequilibrium kinetic inductance. The kinetic- 
inductive response demonstrated an extremely fast QP recombination, and, 
contrary to LTS, no phonon trapping effect was observed in YBCO. We be- 
lieve that our findings provide important information about the physics of 
energy relaxation processes under nonequilibrium conditions in HTS. They 
also demonstrate the potential of YBCO for ultrafast detection of optical 
transients. Prom the point of view of applications, our research indicates new 
opportunities for applying superconductors in optoelectronics [35]. Supercon- 
ducting optoelectronics offers (similarly to superconducting electronics) the 
lowest value of the switching time-power consumption product. Optoelec- 
tronic HTS devices are ideally suited for photodetection applications because 
of their very high absorption coefficient in the entire wavelength range from 
the ultraviolet (UV) to 10 pm, relatively high sensitivity, and, first of all, 
ultrafast response. Simple YBCO microbridges exhibit intrinsic bit rate ex- 
ceeds 300 Gbit/s, making them not only the cheapest, but also one of the 
fastest optoelectronic switches [33]. They are also ideal as photodetectors 
and optical-to-electrical transducers. They can transform to the electrical 
domain the input information coded in the form of a train of ultrafast optical 
pulses and, subsequently, feed it into the ultrafast superconducting processor, 
based, e.g. on a single-flux-quantum (SFQ) logic. Simultaneously, HTS op- 
erating temperature range enables the superconducting optoelectronics to be 
fully integrable with the conventional (cooled) semiconductor electronics. 

Our paper is organized as follows. In the next Sect, we briefly review the 
two-temperature and Rothwarf and Taylor models, used to describe nonequi- 
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librium conditions in superconductors. Section 3 presents our experimental 
procedures and techniques with the special emphasis put on our electro- 
optic sampling system. Section 4 briefly presents our experimental results, 
while Sect. 5 compares them with both the predictions of the nonequilibrium 
models discussed in Sect. 2, and our understanding of the dynamics of quasi- 
particles in HTS, based on the d-wave pairing symmetry. Finally, conclusions 
are presented in Sect. 6. 



2 Nonequilibrium Thermalization and Recombination 
of Quasiparticles 

Upon absorption of a light quantum by a Cooper pair or a single electron, 
the highly excited electron, with the energy close to the incident photon en- 
ergy is created (due to large physical size of a Cooper pair, only one electron 
absorbs a photon, while the second one becomes a low-energy QP). Next, 
this excited (very hot) electron extremely rapidly (on tens of femtoseconds 
time scale, according to all-optical pump/probe experiments) looses its en- 
ergy via electron-electron (e-e) scattering and creation of secondary excited 
electrons. In ordinary, metallic superconductors like Pb or NbN, the above 
process continues until approximately 0.1 eV (approx. Debye temperature), 
when the most efficient mechanism for redistribution of energy within the 
electron subsystem becomes emission of Debye phonons by electrons. The 
mean free path of those phonons is very small, and they efficiently excite ad- 
ditional electrons (break additional Cooper pairs). As the average energy of 
the electrons in the avalanche decreases to « 1 meV (T « 10 K), their further 
multiplication due to absorption of phonons is replaced by multiplication due 
to e-e collisions, either in the QP-QP, or QP-Cooper-pair form. At that mo- 
ment of the relaxation, which corresponds to thermalization time Tet « 7 ps 
for NbN [36], the global electron temperature Tg , somewhat above the sample 
phonon (lattice) temperature Tph is established. The above scenario was first 
experimentally studied by Chi et al. [37] in Pb tunnel junctions, and most 
recently used by us to explain the extremely high quantum efficiency of NbN 
photodetectors [38]. 

In YBCO, we measured Tet to be below Ips [33]. Whatever avalanche 
scenario could be implemented in HTS, the common wisdom dictates that it 
should be similar to the QP multiplication processes described above, with the 
thermalization process occurring via both e-e and electron-phonon (e-ph) 
scattering processes. However, the questions regarding the interplay between 
these two energy relaxation channels, their relative strength, and the associ- 
ated values of energy-dependent scattering times remain open. The theory 
[43] predicts that the e-e interaction should be strongly modified in a d-wave 
superconductor, since there is an increase of the e-e scattering time, accord- 
ing to 1/re-e oc (T/A)(l/rn) where t„ is the e-e interaction time in the 
normal state. Thus, the domination of the e-e channel in the QP avalanche 
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would result in the increase of the multiplication time below the supercon- 
ducting transition. Additional features inherent to cuprates, such as the non- 
flat electronic band structure [40] and the presence of strongly nonharmonic 
phonon modes well coupled to electrons [41], should also be taken into ac- 
count. Temperature-dependent nonharmonic broadening of phonon modes is 
expected to cause the dependence of multiplication efficiency on excitation 
pulse energy, as well as should lead to its increase at low temperatures. Indeed, 
a non-monotonic change of the magnitude of the inductive photoimpedance 
response at low temperatures has been recently observed [41]. 

Once the thermal distribution of electrons with the effective, elevated as 
compared to phonons, Te is established, further cooling of the electron sub- 
system towards Tph is due to QP relaxation and recombination processes. Re- 
laxation occurs via the e-ph interaction, by emitting of thermal (long-wave) 
phonons, and can be described by either a two-temperature (2-T) model 
[43,44] or, equivalently, by the set of Rathworf-Taylor (R-T) equations [45]. 

In the 2-T model, we study the time evolution of the electron and phonon 
subsystems, with Te and Tph, respectively, used as measures of the average 
energy in each system. The balance between Te and Tph is governed by the 
set of two coupled differential equations: 



a 



dTe _ aPin{t) Ce 



a 



ph 



dt 

dTph 



r 



-(Te Tph) , 



Ce 



dt 



-ph 



'e— ph 

(Te - Tph) - ^(Tph - Te) , 



( 1 ) 



where Ce and Cph are the electron and phonon specific heats, a is the radiation 
absorption coefficient, V is the volume of the bridge, and Tg is the sample 
temperature. Pin(t) is the incident optical power, modeled as a Gaussian- 
shaped pulse. The equations also contain the characteristic times Te_ph for 
electron-phonon relaxation, and Tqs for phonon escape to the substrate. In 
deriving (1) we used the energy balance equation Te_ph = Tph-e(Ce/Cph), 
where Tph-e is phonon-electron scattering time. The time evolution of T« 
and Tph resulting from numerically solving (1) for a superconductor exposed 
to sub-ps optical excitation is presented in Fig. 1. We note that the large 
difference between Te and Tph is observed only during the first few pico- 
seconds (nonequilibrium electron heating) after the perturbation, and later 
there is only the bolometric (thermal) response associated with Te = Tph. 
Thus, any attempt to experimentally observe nonequilibrium effects in HTS 
materials requires a correspondingly fast detection system. As we will show 
later, the 2-T model has been very successfully used by us to explain both 
qualitatively and quantitatively experimental, single-picosecond responses of 
a YBCO microbridge, current biased in the resistive state. 

In the superconducting, zero-resistance state, under the external perturb- 
ation weak enough that it is not able to transform the superconductor into 
the normal state, photoinduced decrease in the Cooper pair density gives rise 




Quasipajticle Thermalization and Recombination in HTSCs 



105 




Fig. 1. Solution of the 2-T model (1) with a Gaussian-shaped excitation pulse, 
illustrating the nonequilibrium heating conditions when Te exceeds Tph 



to a voltage transient according to kinetic inductance mechanism [26,46] 

dikin 



Vkin = I- 



At 



( 2 ) 



where 



ikin — 



_i 

SqIjjI /sc Wd 



(3) 



and £o is the vacuum permittivity, Wp = 1.67 x 10^® s~^ is the plasma fre- 
quency of YBCO, and I, w, and d are the bridge length, width, and film thick- 
ness, respectively, /sc is the superfluid fraction of electrons and at T < Tc can 
be calculated by either using the 2-T or R-T model. In the 2-T model, we 
need to assume that in the superconducting state, the same conditions apply 
to Cooper pairs as to electrons in the resistive state and the nonequilibrium 
electron heating can be held accountable for the /sc change. Thus, we state 
that the superfluid fraction is given by 



(4) 



/sc — 1 [ j, 



We note that Te couples (1) and (4). 

The superfluid fraction of electrons can also be independently calculated 
from the R-T model, noting that 



/sc 



No - Wqp 
No 



(5) 



where No and Nqp are numbers per unit volume of the total number of 
carriers and QPs in the superconductor, respectively. A^qp includes optically 
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generated QPs and is the solution of the R-T equations: 



diVqp 

dt 

dN^ 

dt 



— Iqp - H , 

Tb 

= I^ + luNl - liV, - — (iV,. - N^t) , 



( 6 ) 



where and are the numbers per unit volume of phonons with energy 
greater than or equal to twice the superconducting gap A (called 2 A phonons) 
and equilibrium thermal phonons, respectively. I^p is the external generation 
rate (optical pulse) for the QPs, 1^^ represents the 2 A phonons generation 
rate, Tl is the recombination rate for the QPs into Cooper pairs, and Tb and 
Tes are the phonon pair breaking and the phonon escape times, respectively. 

The R-T equations are nonlinear and they are best suited to describe 
nonequilibrium conditions in a superconductor far below Tc and for moder- 
ate to strong external perturbations. The R-T model provides a different, 
but equivalent to 2-T description of the QP dynamics in a perturbed su- 
perconductor. In fact, one can note that (1) can be regarded as a linearized 
form of (6) and under low-levels of excitation both approaches coincide. The 
solution of (6) for a superconductor exposed to pulsed optical perturbation is 
shown in Fig. 2. We note again that the nonequilibrium conditions last less 
than 3ps. 




Fig. 2. Solution of the R-T model (6) with a Gaussian-shaped excitation pulse, 
illustrating the nonequilibrium QP generation conditions when JVqp exceeds 



Finally, Fig. 3 illustrates the nonequilibrium kinetic-inductive response. 
The top panel shows /gc calculated from either (4) (2-T model) or (5) (R- 
T model). The middle panel presents Lkin calculated from (3), while the 
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bottom graph displays the resulting voltage signal as a derivative of Lkin 
multiplied by the bias current, in accordance to (3). The entire Vkin transient 
is only about 3 ps-wide, after which the superconducting, zero-voltage state 
is promptly restored; thus, an oscilloscope with an ~ 1 ps time resolution is 
required to observe kinetic-inductive transients generated by femtosecond op- 
tical pulses. Detailed comparison between predictions of the nonequilibrium 
kinetic inductance model and our experiments will be presented in Sect. 5. 




Time (1 ps/div) 



Fig. 3. Waveforms resulting from solving (4), (5) and (2), (3), illustrating the 
nonequilibrium kinetic inductive photoresponse mechanism 



3 Experimental Procedures and Techniques 

Our typical experimental structure is shown in Fig. 4 and consisted of a 5 pm- 
wide, 7 pm-long microbridge placed in the middle of a coplanar waveguide 
(CPW) center line. Test structures were patterned in high-quality, 100 nm- 
thick epitaxial YBCO films, grown on 0.5 mm-thick, 6x6 mm^ LaAlOs sub- 
strates using pulsed laser deposition. Gold contact pads were deposited at 
both ends of CPW, using ex situ evaporation and lift-off. After processing, 
the microbridges exhibited zero-resistance critical temperature Tco « 90 K, 
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a superconducting transition width < 1.5 K, and a critical current density 
jc > 2 X 10® A/cm^ at 77 K. The CPW was 4 mm long, with a SOpm-wide 
center line and 7 pm-wide gaps to the ground planes. One end of the CPW 
was wire-bonded directly to a semirigid, 50 O coaxial cable, while the other 
end was wire-bonded to the ground. The 4 mm length of the transmission line 
assured an 80ps-long reflection-free time window for our EO measurements, 
eliminating from the measured waveforms the artifacts caused by reflections 
at the CPW ends. The sample was mounted on a gold-plated alumina sub- 
strate, attached to a copper block, and placed in the He exchange gas inside 
a liquid-helium dewar. The dewar was temperature-stabilized to ±0.2 K by 
a temperature controller and had an optical access through a pair of fused- 
silica windows. As shown in Fig. 4, the entire CPW structure was overlaid 
with an EO LiTaOa crystal to facilitate the EO measurements. The bot- 
tom face of the LiTaOs crystal had a dielectric, wavelength-selective high- 
reflectivity (HR) coating, which reflected the 780 nm-wavelength sampling 
beam but allowed the frequency-doubled excitation beam to pass through. 



Excitation beam 



Sampiing beam 



YBCO coplanar 
waveguide 



LiTaOa crystai 




Fig. 4. Experimental sample configuration, including the excitation and probe op- 
tical beams, sample biasing, and the LiTaOa EO crystal 



During the measurements, the microbridge was biased through the bias- 
tee using a voltage source. Current-voltage (7 — V) characteristics meas- 
ured in a four-point configuration at different temperatures are shown in 
Fig. 5. One can clearly distinguish the two different voltage states - the 
superconducting/ flux- flow state with zero/low voltage across the bridge and 
the switched (resistive) state where the current is almost constant while the 
voltage across the bridge increases rapidly. The switched state is caused by 
formation of a hot spot in the bridge. As the bias current through the bridge 
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is increased, entering the flux-flow regime, the bridge becomes lossy and dis- 
sipates heat. When the generated heat exceeds the amount the surrounding 
cryogen can dissipate, a hot spot forms in the microbridge and its 7 — F curve 
switches to a state with lower current and higher voltage. Inside the hot spot, 
the temperature is roughly constant, equal to /Tb, where Tb is the bath 
temperature [47]. If the microbridge is long, the hot spot initially covers only 
part of the bridge, giving rise to a constant-current (plateau) region as the 
hot-spot size increases. For short microbridges, the hot spot instantly covers 
a very large portion (or all) of the bridge and the current plateau is quite 
small (see, e.g. the 80 K curve in Fig. 6). Since our microbridges are only 7 p.m 
long and we set the bias point at the upper end of the plateau, we always 
assume that in the switched state, the entire bridge is in the normal state 
with the uniform hot-spot temperature Tg = /Tb. 




Voltage (mV) 

Fig. 5. I — V characteristics measured in a four-point configuration for one of the 
microbridges used in the experiments 



Femtosecond excitation and time-resolved detection experiments were 
performed using our cryogenic EO sampling system, shown in detail in 
Fig. 6. A commercial Ti;sapphire laser, pumped by an Ar-ion laser, provided 
~ lOOfs-wide optical pulses with 780 nm wavelength and 76 MHz repetition 
rate, at an average power of 1 W. The train of pulses from the laser was split 
into two paths by a 70/30 beam splitter. The first (excitation) beam (700 mW) 
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was frequency doubled in.a nonlinear /^-barium borate (BBO) crystal, filtered 
to eliminate the remaining 780 nm light, intensity modulated by an acousto- 
optic modulator, and focused by a microscope objective to a 10 pm-diameter 
spot on the microbridge. The microscope objective was also a part of the 
viewing arrangement, which allowed us to observe the sample during posi- 
tioning of the beams. The average optical power of the blue light, measured 
at a position just outside the dewar, was ~ 2mW, what corresponded to 
a fluency of 34 pj/cm^. By calculating the amount of light absorbed in our 
optical beam path, we estimated that the power actually delivered to the 
microbridge was only 3% or 60 pW, what is the equivalent to approximately 
2 X 10^^ 3eV photons per cm^. According to our previous experiments [31], 
the permanent temperature increase due to laser illumination is ~ 3K/mW; 
thus, in our case, the temperature of the light-illuminated bridge increased 
below 0.2 K. 




Fig. 6. Schematic of the complete cryogenic EO sampling system, including the 
optical beam paths and the data acquisition system 



The second (sampling) beam acted as a subpicosecond sampling gate, 
since it sensed the birefringence induced in the LiTaOs crystal by the elec- 
tric photoresponse transient, generated by the bridge and propagated in the 
CPW. The sampling beam had ~ 2 mW of incident average power, traveled 
through a computer-controlled delay line with < 1 pm resolution and 180 mm 
total travel, what corresponded to a time delay resolution of < 6 fs and a max- 
imum time window of 1200 ps, and was focused to a ~ 10 pm-diameter spot 
at the gap between the CPW center line and ground plane, only ~ 20 pm 
away from the microbridge (see Fig. 4). The sampling beam was reflected 
by HR coating and directed to an analyzer /detection section. The electric 
field of the pulse, which was photogenerated in the bridge and propagated 
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in the CPW underneath LiTaOs , was parallel to the crystal optical axis and 
induced extra birefringence. In the analyzer section, the polarization change 
in the sampling beam due to the induced birefringence was converted into 
an intensity change and measured differentially. The electric-field sensitivity 
was maximized and linearized by choosing the polarization of the incident 
sampling beam to be at a 45° angle with the LiTaOs crystal axis and by ad- 
justing the compensator that was placed in the sampling-beam path before 
the analyzer. 

In the electronic part of the experimental setup (Fig. 6), a mixer block 
allowed for the use of 3 MHz frequency modulation (higher than frequencies 
where the 1// noise of the laser dominates) and the differential measurement 
scheme based a lock-in amplifier. The computer recorded the time-domain 
evolution of the electric field at the sampling point by controlling a time delay 
between the excitation and sampling beams and by measuring the output of 
the lock-in amplifier. The time-resolved mapping of the microbridge transi- 
ent photoresponse was displayed on a monitor. In the experiments presented 
here, averaging of up to 100 traces was used to increase the signal-to-noise ra- 
tio. By introducing a known voltage on the CPW and measuring the resulting 
sampling-beam intensity change, the system could be calibrated, so the com- 
puter calculated and directly displayed the measured signal magnitude in mV. 
From a practical point of view, our EO sampling system can be regarded as 
an ultrafast (< 2fs temporal resolution) and ultrasensitive (< 150 pV voltage 
sensitivity) sampling oscilloscope. The system was augmented by a conven- 
tional oscilloscope/amplifier system with the effective bandwidth of 14 GHz, 
which allowed us to observe the bolometric part of the bridge response. The 
oscilloscope signal was also used to optimize the alignment of the excitation 
beam for maximum response. 



4 Experimental Results 

4.1 Switched State Photoresponse 

Figure 7 presents a typical photoresponse transient, taken directly from the 
EO sampler monitor, measured when the bridge was biased in the switched 
state (see Fig. 5). The main figure displays the single-spike response with 
a low-noise baseline, indicating the absence of reflections and other artifacts 
caused by the measurement technique. The inset shows the same pulse at 
a higher time resolution. We note that it has a near-Gaussian shape and that 
the measured 1.3ps-wide response is not limited by the resolution (< 200 fs) 
of our EO sampler. The trace shown in Fig. 7 was acquired at Tb = 50 K, 
what corresponds in the hot-spot to Tg = 158 K. Very similar waveforms 
with full-width at half-maximum (FWHM) ranging from 1.1 to 1.6 ps were 
observed at all test points in the 20 to 80 K temperature range. This sug- 
gests that the response was not directly related to the (above Tc) hot spot 
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temperature. The inset also shows that the main spike is followed an approx- 
imately 200 pV-level plateau on the 2ps/div time scale) associated with the 
bolometric response. The bolometric signal could be observed (not shown) 
on a 14 GHz bandwidth oscilloscope/amplifier system and was characterized 
by a nanosecond fall time. The scope signal was routinely used to optimize 
the alignment of the excitation beam for the maximum response. 





Time (2 ps/div) 




J l_ 



Time (20 ps/div) 



Fig. 7. Electrical single-pulse-type photoresponse transient measured with the 
bridge biased in the switched state at Tb = 50 K. The inset shows the pulse in 
detail 



4.2 Superconducting State Photoresponse 

When the bridge was biased in the superconducting state, we recorded on 
our EO sampler an approximately 2 ps-wide transient of the shape shown in 
Fig. 8. No signal could be seen on the oscilloscope in this case. We note that 
the waveform is markedly diflFerent from that measured in the switched state 
(presented in Fig. 7) and consists of a large positive component, immediately 
followed by a negative part. This bipolar signal is characteristic for the kinetic 
inductive response [26,28,31]. For low bias currents, nearly identical transients 
were observed in the superconducting state in the entire tested temperature 
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range. After the main transient, secondary oscillations could be observed in all 
traces collected under low-noise conditions. These trailing oscillations were 
not observed in earlier experiments [26-30] due to the limited bandwidth of 
the used detection systems, while in [31] we were afraid that they might be 
a result of the pulse distortion due to the sample experimental configuration. 
The period of these oscillations did not correspond to any sample feature 
size, as it would, if the reflections were the cause; thus, we believe that the 
oscillations are intrinsic to the YBCO photoresponse in the superconducting 
state and they will be discussed in more detail in Sect. 5. 
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Fig. 8. Electrical oscillatory-type photoresponse transient measured with the 
bridge biased in the superconducting state at Tb = 50 K 



5 Discussion of Experimental Results 

5.1 Switched State Photoresponse 

Figure 9 shows again a photoresponse transient (dots), measured when the 
bridge was biased in the switched state, but this time the experimental data is 
compared to simulations (solid line) based on the 2-T model (see also Fig. 1). 
The main figure displays the single-spike response superimposed on a bolo- 
metric signal, which on the picosecond scale of Fig. 9, led to a ~ 250 meV 
(~ 0.3 K) constant-level pedestal. The bath temperature was 80 K (see Fig. 5 
for the bias point), leading to the hot-spot temperature Tg = 94K. We note 
the excellent agreement between the experiment and simulations based on 
the numerical solution of (1). In the calculations, we used the temperat- 
ure dependence of the electron specific heat, Cf. = 7 Te , and the values for 
7 and Cph from [48,49]. Since the film thickness was roughly equal to the 
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light-penetration depth and the spot size was larger than the bridge size, 
we assumed that the radiation is uniformly absorbed. The simulated wave- 
form is in units of Te , but it can be easily translated into voltage, which is 
proportional to the Te , increase AT^, according to 

= (7) 

where I and R are the bridge current bias and resistance, respectively, and the 
derivative should be evaluated at % = 94 K, where R{T) is linear. As we have 
illustrated in Fig. 1, the rise time of the transient in Fig. 9 corresponds to ret , 
while the fall time is governed by re_ph . In our simulations, we have taken 
the electron thermalization time into account by assuming that the electron 
system responds to the incident optical pulse with a broadened Gaussian 
shape. The input pulse width was adjusted until a least-squares fit to the 
rising edge of the transient was achieved, rendering Tet = 0.56 ps. Similarly, 
a least-squares fit was applied to the falling edge of the transient, resulting 
in Te_ph = Tips. 
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Fig. 9. Measured voltage transient ('dots) and the fitted nonequilibrium electron 
temperature ( solid line), when the bridge was biased in the resistive hot-spot state. 
The bias conditions are shown in Fig. 5. The inset shows the bolometric part of the 
photoresponse, registered with the help of a 14 GHz-bandwidth oscilloscope 



The electron-heating signal was followed by a nanosecond-long bolomet- 
ric component, which was directly observed on the fast oscilloscope, and 
shown in the inset in Fig. 9. The signal exhibited a few-ns-long fall time. 
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consistent with the phonon escape time [24] and the ~ 250 |xV amplitude pre- 
dicted by the 2-T model. The direct comparison between the nonequilibrium 
(Fig. 9) and bolometric (inset in Fig. 9) compounds allowed us to determine 
that the bolometric signal corresponded to the 0.3 K increase of the phonon 
(lattice) temperature, and the ratio Cph/Ce = 38 at Tg. The corresponding 
Tph-e = 42 ps. 

We note that » 0.6 ps is substantially longer than Te_e < 100 fs. As 
the electrons cool down, the scattering time increases, apparently, due to the 
increased e-ph contribution to thermalization increases. In our case, the en- 
ergy of each incident 3eV photon is sufficient for breaking an equivalent of 
at least 100 Cooper pairs, creating a very broadband distribution of excited 
electrons. Furthermore, Te is a macroscopic quantity. The electron subsystem 
cannot be assigned a temperature until it has regained a Fermi-Dirac-like 
distribution, which, in turn, can be achieved after a very large number of 
scattering events with different initial electron energies [2]. One can also note 
that due to the very large value of Cph/Ce (almost an order of magnitude 
larger than in conventional superconductors), we have Tph-e ^ "^e-ph • Thus, 
secondary, thermal phonons essentially do not couple back to the electron 
subsystem. This latter observation is crucial in understanding the QP recom- 
bination process discussed in the next subsection. 

5.2 Superconducting— State Photoresponse 

Figures 10 and 11 present the photoresponse transients (dots) when the 
bridge was biased in the superconducting state at two different temperat- 
ures. The main, bipolar feature was characteristic for the nonequilibrium 
kinetic-inductive response (see also Sect. 2 and Fig. 8), with the positive 
part representing the process of breaking Cooper pairs and the negative part 
corresponding to the pair recombination. In Fig. 10, the solid lines represent 
the theoretical fit obtained finding /sc from the 2-T model {(4)} and substi- 
tuting it into (2) and (3), while in Fig. 11 the solid line is based on the R-T 
equations. We note that both models describe the main oscillatory feature of 
the transient quite well, but the fit to the negative part of the transient is 
much better in the case of the R-T model. At the same time, neither model 
can explain the post-pulse oscillations, most clearly visible in Fig. 11 (a). 
We also note that the main transient (without oscillations) lasts only about 
2ps with the thermalization part (positive signal) almost twice longer than 
Tet = 0.56 ps found in the measurements performed in the resistive state. 
The negative, recombination part is essentially as fast as the pair breaking; 
thus, there is clearly no phonon-trapping effect present in the photoresponse 
of YBCO. This observation is contrary to the standard response of a low-Tc 
thin film, but is in direct agreement with our earlier finding (see Sect. 5.1) 
that Tph-e in YBCO is very long and much longer than either Te_ph or Tph-ph , 
thus, phonons do not participate in the secondary Cooper-pair breaking and 
the experimental QP lifetime is the real QP recombination time t^ . The 
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above observation also agrees with the fact that in YBCO photoresponse 
time does not depend on the film thickness and optically thick films exhibit 
single-ps signals [31]. According to the 2-T model fit, Tr = 1.8 ps and does not 
depend significantly on temperature. The least-squares fit to experimental 
transients in Fig. 11 (based on the R-T model), revealed that Tb » 2ps, and 
Ti = (2.8 ± 0.2) X 10“^® ps~^cm^ and again they do not depend strongly on 
temperature. Taking that Tr = 1/{JZNq) for weak perturbations, one gets 
extremely short, approximately 0.02 ps value, again much shorter than the 
phonon time Tr ■ However, the QP-recombination process in YBCO with its 
lack of the phonon-trapping effect may not be properly described by the R- 
T model and the fit presented in Fig. 11 with the corresponding Tb <C Ips 
might be nonphysical. 




Fig. 10. Measured voltage transients (dots) and the fitted nonequilibrium kinetic- 
inductive voltages based on the 2-T model {solid lines), when the bridge was biased 
in the superconducting state; (a) T = 60 K and (b) T — 20 K 




Fig. 11. Measured voltage transient (dots) and the fitted nonequilibrium kinetic- 
inductive voltages based on the R-T model {solid lines), when the bridge was biased 
in the superconducting state; (a) T = 60K and (b) T = 20K 
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The nonexistence of the phonon-trapping effect can be attributed to the 
d-wave-pairing mechanism and the existence of allowed states at the gap 
nodes, where QPs can recombine. Sergeev and Reizer calculated in [46] the 
total inelastic scattering time in a pure d-wave superconductor and found 
only a small temperature-independent correction with respect to the scatter- 
ing rate in the normal state. Consequently, their theory predicts of a few 
picoseconds near Tc , with the temperature dependence below Tc according to 
the power law Tr oc T“", where n is an integer. On the other hand, a conven- 
tional s-wave superconductor is well known to exhibit an exponential increase 
of Tr with the temperature decrease. Direct photoimpedance response and 
photoinduced mm-wave absorption experiments [50] were together imple- 
mented to measure the quasiparticle recombination time in NbN films. Both 
techniques jointly indicated that the magnitude and temperature dependen- 
cies of Tr followed the behavior expected for s-wave superconductors. Our 
experimental evidence seems to support Sergeev and Reizer prediction. From 
the 2-T model, Tr was estimated to be very close to re_ph in the resistive 
state and no significant temperature dependence of Tr was observed. We also 
measured a significant increase of Tet below Tc , as it is predicted in [46]. It 
must be stressed, however, that our studies were restricted to the temperat- 
ure range between 0.2Tc and 0.6Tc , and the collected experimental data is 
far from being exhaustive. 

Finally, the trailing oscillations are the new feature of the HTS photore- 
sponse in the superconducting state and cannot be accounted for by the 
nonequilibrium kinetic inductance mechanism based solely on either 2-T or 
R-T models. One possible interpretation of this effect is to recognize that in 
our case, experimental Tr is much shorter than Te_ph [46]. Thus, we may have 
concurrently existing in the bridge generation and recombination processes, 
leading to an oscillatory behavior superimposed on the simple exponential 
QP relaxation [34]. Clearly, more theoretical studies and further experiments 
are needed to fully resolve the origin of oscillations in the nonequilibrium 
quasiparticle relaxation in YBCO. 



6 Conclusions 

We have demonstrated that electrical transients of single-picosecond dura- 
tion can be generated by a YBCO microbridge biased in either the resistive or 
the superconducting state. Nonequilibrium conditions are responsible for the 
observed photoresponse and can be explained with the help of the nonequi- 
librium electron excitation model. In the switched state, the microbridge is 
resistive and the resistance of the bridge increases due to the raised electron 
temperature, so a bias current produces a voltage spike. In the superconduct- 
ing state, pair-breaking followed by fast QP recombination leads to a rapid 
change of the electron superfluid density, which in the presence of a bias 
current gives rise to an oscillatory transient due to nonequilibrium kinetic 
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inductance. Prom our experiments we were able to extract the characteristic 
time constants Tet = 0.56 ps and Tg-pu = 1.1 ps in the switched state, and 
Tet = 0.9 ± 0.1 ps in the superconducting state, which must be regarded as 
the intrinsic speed limitations for YBCO hot-electron photodetectors and 
mixers. We have also shown that while the response in the resistive state can 
be very well described by the 2-T model, the superconducting photoresponse 
in YBCO differs substantially from the behavior observed in ordinary, low- 
Tc superconductors. In the superconducting state, pair breaking is followed 
by very fast QP recombination and no phonon-trapping effect is observed. 
While the waveforms measured by us can be qualitatively reproduced by 
both the 2-T and R-T models, physical processes responsible for the lack of 
phonon trapping and the highly oscillatory, nonlinear transients are difficult 
to pinpoint at this time. 

Our studies have also showed the high-speed capabilities of YBCO pho- 
todetectors, opening the door to many interesting applications in the area of 
superconducting optoelectronics. The measured time constants demonstrate 
that such photodetectors can operate in digital applications requiring data 
rates exceeding 300 Gbit/s, while mixers can reach an IF bandwidth greater 
than 100 GHz. The mechanism for the photoresponse is spectrally very broad- 
band, and detection of all wavelengths from ultraviolet to 10 pm should be 
possible. HTS receivers for fiber optic communication with Gbit/s rates are an 
attractive possibility, especially if the operating wavelength is shifted toward 
2 to 3 p.m, where ultralow losses in fibers are expected. Ultrafast optical-to- 
electrical transducers for digital electronics using rapid single-flux-quantum 
(RSFQ) circuits and optical fibers for high-speed data transmission into the 
cryogenic environment are another area of high-speed applications of YBCO. 
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Abstract. We present a semiphenomenological approach to calculating the qua- 
siparticle spectra of High Temperature Superconductors (HTSC’s). It is based 
on a particularly efficient parametrization of the effective electron-electron in- 
teraction afforded by the Density Functional Theory for superconductors and 
a Tight-Binding Linearized-MufHn-Tin-Orbital scheme for solving the correspond- 
ing Kohn-Sham-Bogoliubov-de Gennes equations. We illustrate the method by in- 
vestigating a number of site and orbital specific, but otherwise phenomenological 
models of pairing in quantitative detail. We compare our results for the anisotropy 
of the gap function on the Fermi surface with those deduced from photoemission 
experiments on single crystals of YBa 2 Cu 307 • We also compare our predictions for 
the low temperature dependence of the specific heat with measurements. We invest- 
igate the doping dependence of the superconducting transition temperature, Tc . 
We present new evidence that the Van Hove-like scenario is an essential feature 
of superconductivity in these materials. Since our description of pairing is semi- 
phenomenological, we shed new light on the physical mechanism of pairing only 
indirectly and conclude, provisionally, that the dominant pairing interaction oper- 
ates between electrons of opposite spin, on nearest neighbour Cu sites in d^ 2 _y 2 
orbitals. 



1 Introduction 

As is well known, the phenomenon of superconductivity arises when in a metal 
electrons pair up and occupy a single quantum state. Since electrons normally 
repel each other, one of the principal questions in the case of any supercon- 
ductor is “why do such Cooper pairs form” ? While for the conventional su- 
perconductors the answer is that the attraction is due to the electron-phonon 
coupling, in the case of the new, high temperature superconductors (HTSC) 
[1] the physical cause of the pairing remains a mystery [2]. In this paper, 
rather than speculating on the microscopic nature of the pairing, we develop 
a semiphenomenological strategy, whose aim is to determine which local orbit- 
als the electrons occupy when they experience the attraction. This approach 
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combines the first-principles local density approximation (LDA) electronic 
structure with a phenomenological representation of pairing potential. It has 
been formulated within the density functional theory (DFT) of superconduct- 
ivity [3,4] which is briefly outlined in the next section of this paper. Of course, 
because our description of pairing is semiphenomenological, we shed new light 
on the physical mechanism of pairing only indirectly. As will be shown, this 
can be accomplished, in principle, by a particularly efficient representation of 
the electron-electron interaction afforded by the density functional theory of 
superconductivity and, in practice, by the development of powerful numerical 
methods, like linear muffin-tin orbitals (LMTO) method [5,6], for solving the 
corresponding Kohn-Sham-Bogoliubov-de Gennes (KS-BdG) equation [7,8]. 

The density functional theory for superconductors is not the usual way 
of doing superconductivity. In most cases one would rather apply the Eliash- 
berg theory [9] or the conventional BCS microscopic theory [10]. Nevertheless, 
DFT, as originally derived by Hohenberg and Kohn [11] and Kohn and Sham 
[12], has proven very successful for studying systems with broken symmetry 
as for example in case of magnetism [13,14], and thus it may be expected 
that, eventually, it will be also useful in the context of the superconduct- 
ors. In general, the density functional theory provides an exact mapping of 
a many-body electron problem occuring in solids onto a one-electron problem 
in an effective potential. DFT expresses this one-electron problem in terms of 
an electron charge density and an universal exchange-correlation functional 
of density, containing all information on many-body interactions in the sys- 
tem. A task of solving this many-body problem is thus reduced to finding 
sufficiently accurate expressions for the exchange-correlation functional and 
solving the relevant Schrodinger equation with an effective potential of which 
the exchange-correlation potential is a prominent part. This theory is in prin- 
ciple exact before any approximations for the exchange-correlation functional 
are made. LDA is one of such approximations, based on the local approxim- 
ation for homogeneous but interacting electron gas, which has been widely 
and successfuly used for systems with moderate correlations. 

The density functional theory for superconductors has been formulated in 
complete analogy to the density functional theory for spin polarised systems 
where the magnetisation density is the order parameter of the theory [13,14]. 
In the DFT for superconductors, it is the pairing amplitude, often called 
anomalous charge, x(r,r'), that is the order parameter. However, a central 
feature of the DFT for superconductors is an electron-electron interaction 
kernel K{ri , r'^; V 2 , r'^) which, when corresponding to an attractive interac- 
tion, leads to superconductivity. As shown in Sect. 3, this attractive interac- 
tion is parametrized by a set of interaction constants Krl^r'L', where R,R' 
and L, L' refer to the positions and orbital character, respectively, of the two 
electrons. 

Given the success of the LMTO method in describing the electronic struc- 
tures of the HTSC’s in the normal state without adjustable parameters, and 
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yet, in material specific quantitative detail [15,16], the above approach can 
be considered to be built on solid foundations. In particular, we expect that 
even though we make a local approximation and treat the expansion coef- 
ficients as the adjustable parameters of the theory, they remain 

physically meaningful. Namely, if a specific coefficient with all the 

others set equal to zero, can be adjusted to give a good quantitative account 
of the quasiparticle spectrum in the superconducting state of a particular 
superconductor, then we shall conclude, with appropriate caution, that the 
attraction operates between electrons in orbitals RL and R'L' . 

In the application to YBa 2 Cu 307 (YBCO) we use the so-called eight- 
band orthonormal nearest neighbour tight-binding Hamiltonian [17], derived 
from the self-consistent, full LMTO band structure, to reflect the generic 
features of the crystal structure of the HTSC’s. Details of this model and 
the quantitative insights to the band structure that it provides are discussed 
in Sect. 4, while in Sect. 5 different pairing scenarios are illustrated. Since 
the purpose of this work is to study the consequences of this approach in 
confronting experimental evidence, in Sect. 6 we present our results for the 
gap anisotropy, in comparison with the angular photoemission measurements, 
low temperature specific heat, and versus doping. We summarize the paper 
in Sect. 7. 



2 Density Functional Theory for Superconductors 

In its simplest version, as derived by Oliveira, Gross and Kohn [3,4,18], the 
density functional theory for superconductors constitutes a relatively new for- 
mulation of the theory of superconductivity. It deals only with the case of the 
instantaneous electron-electron interaction and singlet pairing, but with this 
restriction, it is in principle exact and is fully equivalent to possible strong- 
coupling theories based on canonical perturbation theory [19]. However, the 
conventional, retarded electron-phonon mechanism of attraction can only be 
treated to the extent that it can be represented by a static, effective electron- 
electron interaction potential. On the other hand, the theory is fully applic- 
able to pairing mechanisms due to electron-electron correlations such as, for 
example, spin fluctuations [20]. 

As already mentioned, the DFT for superconductors is formulated in 
a close analogy to the very successful spin-density-functional theory of mag- 
netism [13]. The magnetisation density m{r), the order parameter of the 
spin-density-functional theory, gets replaced by the superconducting order 
parameter, the pairing amplitude, 

X(r,r') = {V't(^)>V’4.(^')) - (1) 

with V’t(^) being the electron annihilation operators for respect- 

ively a spin-up electron at r and a spin-down electron at r', and the theory 
of an equilibrium state with spontaneously broken gauge symmetry unfolds 
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with minor modifications. Specifically, one defines the grand potential func- 
tional n[n,x] of the electron density n(r) and pairing amplitude 
which is minimized by 

n{r) = 2^[1 - f{EMvj{r)\^ + f{Ej)\uj{r)\^ (2) 

3 

and 

X{r,r') = ^[1 - f{Ej)]uj{r)v*{r') - f(Ej)uj{r')v*{r) , (3) 

j 

where Uj{r) and Vj{r) are respectively the electron- and hole-components of 
a Kohn-Sham like eigenvalue problem with the corresponding eigenvalues Ej . 
Here f{E) = {H-exp[£^/fcB7']}“^ is the Fermi function, and the normalization 
of the eigenfunctions is such that 

j \uj{r)\‘^ d®r + j |uj(r)p dV = 1 . (4) 

The resulting Kohn-Sham like eigenvalue problem is of the Bogoliubov- 
de Gennes (BdG) form [3,4] 

+ V(r) - n)ujir) + j A{r,r')vjir')d^r'=EjUj{r), 

- + V{r) - ^l)vj{r) + J A*{r,r')uj{r')d^r' = EjVjir) , (5) 

and has to be solved self-consistently with respect to the chemical poten- 
tial fi, the one-electron effective potential V{r), and the pairing potential 
A{r, r'). Like in other density functional theories, the solutions of this eigen- 
value problem, i.e. the amplitudes Uj{r) and Vj{r), and the eigenvalues Ej , 
are strictly speaking only auxiliary quantities whose sole purpose is to provide 
a representation for n{r) and x(^> from which other physical observables, 
like the thermodynamic grand potential Hq, namely the minimum value of 
i7[n,x], can be calculated. Nevertheless, experience with LDA calculations 
in the normal state suggests, that it may be useful to interpret provisionally 
the solutions of the BdG equation as descriptions of elementary excitations 
of the superconducting state and regard Uj{r) as the amplitude for such an 
excitation being a quasiparticle and Vj{r) as being that for a quasihole. The 
effective quasiparticle spectrum Ej of the BdG equation may be thought of as 
the normal-state single-electron spectrum Sj , doubled up by folding around 
the chemical potential /x, and subsequently split by the pairing potential A. 
Therefore, the solutions come in pairs: a set of positive eigenvalues and a set 
of negative eigenvalues that are exactly symmetrical to each other about the 
chemical potential. Only the positive eigenvalues are physically meaningful 
but, for the sake of calculations, one can use the negative eigenvalues and the 
corresponding eigenvectors and interpret the results without loss of general- 
ity. Note that if the pairing potential were equal to zero, the BdG eigenvalue 
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problem would get decoupled into two separate equations, one for particles 
and one for holes. 

The effective pairing potential A{r,r') is defined as the functional de- 
rivative with respect to the pairing amplitude of the exchange-correlation 
contribution to the grand potential functional /2xc[ti,x]! 



A{r,r') 



X] 

Sx{r,r') 



(6) 



and therefore it is electronic in nature. The effective single-electron potential 



V(T) = V.„{r) + j i^<lV + 



x] 

6n{r) 



(7) 



is assumed independent of spin, and Kxt(T’) is the external potential, e.g. the 
Coulomb attraction from the protons. 

Although exact, the above theory is useless until an explicit, approximate 
form for the functional /2xc[^>x] has been selected. To accomplish this we 
rewrite - without loss of generality [7] - (6) as 

^{‘r'i,r[)= J j AT(ri ,r'i ;T-2,r^)x(T-2,r^ dV2d^2 , (8) 



where 



K{ri,r[]r2,r'2) = 



S‘^Oxc[n,x] 

Sxiri ,r[)Sx{r2,r'2) ' 



The pair-interaction kernel K{ri ,r[-,r 2 ,r' 2 ), which in most general case is 
also a functional of n(r) and x(^i describes the scattering of an (f, 4-)-pair 
at {r 2 ,r' 2 ) into an (t,4-)-pair at (ri ,r'j), and also the scattering of a 
pair at (r 2 ,^ 2 ) into a (4-, t)“Pair at (ri ,ri). Since the microscopic pairing 
mechanism is not known, it is not possible to evaluate the pair-interaction 
kernel from first principles. However, the DFT for superconductors provides 
an efficient way of parameterizing it, by expanding in terms of local orbitals 
of the theory, and this is elaborated upon in the next section. Concerning the 
one electron effective potential, the usual local density approximation to the 
DFT [13] has been used for 6Q-x,c[n,')^l{6n{r). 

For the sake of comparison, in the spin density functional theory of col- 
linear magnetism the analogous relation to (8) is: 



Ft(r-i) - ViCri) = y 7(ri , r2)m(r2) d^r2 w /(ri)m(ri) , 

which links the exchange potential to the magnetization via the exchange- 
interaction I{ri ,r 2 ). The last approximation is the local spin-density (LSD) 
approximation, I{ri ,r 2 ) « S{ri - r 2 )I{ri), which reduces the relation to 
the Stoner form. 
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3 Computational Details 



To solve the BdG eigenvalue problem we need to employ a realistic band 
structure method that can be generalized to incorporate the pairing aspect 
of the theory. In the present study we use the tight-binding linear muffin tin 
orbitals method where the muffin tin orbitals provide a basis set {(p} in terms 
of which we expand the single particle wave function 







Here R labels the site (R) and L the shape (e.g. atom- and angular-momen- 
tum type) of the orbital. Consequently, in the tight-binding representation 
the BdG eigenvalue problem acquires the following matrix form 



E 



Hr'L',RL - (M + Ej)OR'L',RL ‘^R'L',RL 

^*RL,R'L' -Hr'L',RL + (/X - Ej)OR'L',RL 



urrj 




O' 






0 



(9) 



where 



Hr'l',rl 




r - R') 






(fL{r — R) d^r 



is an element of the (LMTO) Hamiltonian, 

Or'L',rl = j - R')<fiL{r - R) d^r 

is an element of the overlap matrix, and 

^R'L',RL= J I - R') A{r',r)tpL{r - R)d^r' d^r ( 10 ) 

is a matrix element of the pairing potential which couples to the relevant 
matrix elements of the pairing amplitude through the following matrix equa- 
tion 

^RlLuR\L[ = ^ Xfl2i2,fl2-£'2 • 

R2L2 

Until this stage, the expansion coefficients Kr^r^^ ri^ri^. r^r^^ ri^r'^ of the pair- 
interaction kernel have been unknown functionals of n{r) and i'')- At this 
point we make an assumption that these coefficients are relatively simple 
functions of the site and orbital indices and may therefore be approximated 
with relatively modest adverse consequences. As a result, first we assume that 
the pair interaction is local in the sense that it vanishes unless the spin-up 
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electrons are in the same orbital, and similarly for the spin-down electrons, 
namely 

K R^Lu R'lL'i', H 2 L 2 , R'2L'2 = ^RiR2 ^LiL2 ^R'^R'2 ■ ( 12 ) 

Note that the quality of this local approximation and the values of the 
coefficients depend on the choice of local orbitals. Nevertheless, this approx- 
imation is expected to be relatively harmless for the HTSC’s, on the account 
of the short coherence length which is of the order of the lattice parameter. 
By making use of (12), the relation (11) between the pairing potential and 
the pairing amplitude takes a simple form 

^RL,R'L' = Krl,R'L' XRL,R'L> , (13) 

which states that, in the local-orbital representation, each matrix element of 
the pairing potential is proportional to the corresponding component of the 
pairing amplitude and is independent of the other components. The spin dens- 
ity functional analogue to (13) would be the ‘Stoner relation’: Tj- — Vj_ = Im. 
Although the relation (13) has a very simple form, the expansion coefficients 
Krl,r’L' are still unknown. Therefore the next step is to abandon the hope 
of determining these coefficients as functionals of n(r) and x(t’, t') from first 
principles (by specifying the mechanism of pairing) , and use them instead as 
adjustable parameters. Clearly, this is what makes our theory phenomenolo- 
gical. However, since for the effective one-electron potential V (r) we use the 
fully first-principles prescription of the LDA, we shall refer to our theory as 
semi-phenomenological . 

There are two general reasons for regarding the above procedure prom- 
ising. The first is that the effective electron-electron interaction kernel, 
K(ri,r[;r 2 ,r' 2 ), like the direct correlation function in the theory of clas- 
sical liquids [21], may very well turn out to be a relatively mundane function 
of its variables. This could mean that a small number of coefficients Krl^r' l' 
would suffice to fit a large amount of data. For instance, if we pick only one 
of these to be non-zero, and fix it by requiring that the transition temperat- 
ure Tc agrees with experiments then, given the first-principles aspect of the 
theory, all other superconductive properties are predictions of the theory and 
can be calculated without further adjustable parameters. A number of such 
scenarios will be discussed in Sect. 5. The second reason for the expressed 
optimism is the physical meaning that can be attached to the coefficients 
Krl,r'L' ■ Namely, if a particular one of these fits the experimental facts then 
we may conclude that, whatever its nature, the pairing mechanism operates 
between electrons occupying orbital L on site R for the one spin-direction, 
and orbital L' on site R' for the other spin-direction. As mentioned in the 
introduction, our entire strategy is based upon this possibility. 

Since we are dealing with periodic solids, as a general consequence of 
Bloch theorem, the solutions of the BdG equation may be labeled by Bloch 
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vector k and band index j. In this case, the BdG eigenvalue problem takes 
the form 






. (14) 



which is very much the same as in the tight-binding representation, but the 
subscript RL has been replaced by L and all matrix elements have acquired 
a common superscript k. Explicitly, the matrix element of the pairing poten- 
tial is: 

^ ^OL',TL exp[ife • T] (15) 

T 

= ^exp[ifc-T] j j - Ql') A{r'r)(fii{r - Ql -T)d^r' d^r , 

where we have used the fact that At' l',tl = Alil{T — T') depends only on 
T — T' because the pairing potential is invariant under lattice translations T, 
A{r'+T, r-\-T) = A{r'r). Similarly for the Hamiltonian and overlap matrices 
we get: i?oL',Ti exp[ifc -T] and 0^,^ = Ool'.tz, exp[ife -T]. 

The solutions of the above BdG eigenvalue problem, namely 



are the expansion coefficients of the wave function in a basis set of the Bloch- 
symmetrized orbitals 

- Ql - T) exp[ife • T] , 



with k being the Bloch-vector, and Qi the site of orbital <Pl in the cell at 
the origin. For neatness of notation we have written Ej® for Ekj. 

Finally, a few details are due on the computational aspects of the the- 
ory. In principle, for a chosen effective pair-interaction described by a set of 
Krl,r'L''^ we should solve the BdG equation (14) self-consistently by two 
interlocking iterative procedures. Firstly, for a fixed number of electrons per 
cell, n, and fixed H^,j^ and should iterate the chemical potential and 

the matrix elements of the pairing potential and the pairing amplitude to self- 
consistency. Then we should evaluate the charge density and recalculate 
and 0^,1 using the usual LMTO formulae for the next cycle of iterations. This 
second loop corresponds to strong coupling effects and may very well be im- 
portant in many applications. However, in the present work we simplified the 
calculations by using and 0^/^ determined by the self-consistent cal- 
culation for the normal state [17], which makes our semi-phenomenological 
approach a weak coupling theory. Of course, the whole self-consistency pro- 
cedure has to be completed at each temperature, T, separately. Starting from 
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T = 0, the lowest temperature for which the pairing amplitude converges to 
zero is the transition temperature Tc- 

Note, that in what follows, the local pair interaction parameters may be 
referred to in a few equivalent ways, namely 

Krl,r'L' = Ktl,t'l> = Kll’{T' - T) , (16) 

however, the latter will usually be the most preferred option. 

4 Eight-Band Model 

Although the BdG equation, with the parameterized kernel K, can be solved 
self-consistently for Nb, using the k- and band-dependent formulation of 
the formalism, and the full LMTO Hamiltonian [7] for evaluating and 
O^ii, the interesting cases of the HTSC’s still represent a challenge with cur- 
rently available computers. Thus, to explore the potential of the formalism. 




Fig. 1. The electronic structure of YBa 2 Cus 07 between the k|| points (0,0), (7r/a,0), 
(7r/a,7r/b), (0,7r/b), (0,0), (7r/a,7r/b) in the = 0 plane of the orthorhombic Bril- 
louin zone as calculated by the full-potential LMTO method and using the local 
density functional theory 



for YBa 2 Cu 307 we adopted a computationally more tractable, albeit less ac- 
curate approach; we used the eight-band model [17] to represent the LDA 
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energy bands Ski and wave functions ipki{r). In order to fully appreciate the 
eight-band model Hamiltonian of YBa 2 Cu 307 , we start by illustrating the 
main features of the first-principles LDA band structure and the correspond- 
ing Fermi surface of this system. Since these features are fairly independent of 
the band structure method used in the calculations, here we limit ourselves to 
the results of the LMTO method [22]. The full LDA band structure of YBCO, 
along rXSYFS directions in the basal plane {k^ = 0), is presented in Fig. 1. 
The corresponding Fermi surface cross-sections for the basal plane are shown 
in Fig. 2. Since it is of importance to understand the relationship between 




Fig. 2. Intersection of the Fermi surface of 
YBa 2 Cu 307 with the = 0 plane of the 
orthorhombic Brillouin zone as calculated by 
the full-potential LMTO method using the 
local density functional theory. The coordin- 
ates are for T: (0,0), X: (7r/a,0), S: (7r/a,7r/b), 
and Y; (0,7r/b) 




Fig. 3. The crystal structure of YBa 2 Cu 307 . 
Y atom {big black) in the middle of the or- 
thorhombic unit cell separates the two copper- 
oxygen planes (copper is black and oxygen is dark 
gray). The copper-oxygen chains run along the 
edges of the unit cell. Ba {light gray) lie between 
the planes and the chains 
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the specific features of the band structure and crystal structure of YBCO, 
the latter is given in Fig. 3. As can be seen, at the optimal doping, YBCO 
crystallizes in the orthorhombic structure whose most prominent feature is 
a set of Cu02-planes which are dimpled, meaning that the oxygens occupy 
slightly out of plane positions. The Cu02-planes are arranged in pairs (bilay- 
ers), with the second Cu 02 “plane being the mirror image with respect to the 
yttrium [001]-plane of the first Cu02-plane. The Cu02-planes are a generic 
feature of high Tc materials and, as such, are of particular interest for the 
present study. Another important feature of YBCO is a CuOs-chain which, 
however, is not a generic feature of HTSC’s. All these structural features 
are reflected in the band structure (Fig. 1) and topology of the Fermi sur- 
face (Fig. 2). The band structure features an anti-bonding (of Cu02-planes) 
pdo'-band(s), with a total width of about 10 eV, and a chain-related band, 
crossing the Fermi level, marked by energy zero. The strongly hybridized 
anti-bonding pdcr-band has maximum at the S-point and minimum at the 
F-point. It exhibits a set of bifurcated saddle points near X and Y. These 
bifurcated saddle points are the most surprising LDA prediction for HTSC’s 
with dimpled Cu02-planes. They give rise to a bifurcated Van Hove singu- 
larity (VHS) in the density of states, which is logarithmic. It is not clear 
how the bifurcated saddle points close to the Fermi level are related to the 
extended saddle points observed by the angle-resolved photoemission spec- 
troscopy (ARPES) [23]. ARPES provides by far the most direct experimental 
data on band dispersion and Fermi surface shape in cuprates. These stud- 
ies, like all LDA calculations, have found that Fermi level in these systems 
is very close to VHS, at the composition of optimal doping. However, LDA 
calculations have been unable to produce any structure in the cuprates which 
leads to extended saddle points. Saddle points are points at which Fermi sur- 
face first touches the Brillouin zone boundary. For an ordinary saddle point 
the curvature of the energy bands has the opposite sign in two orthogonal 
directions. The magnitude of these curvatures can take any two independent 
values. In an extended saddle point one of the curvatures goes as fc"*, and 
thus in one direction the energy band is extremely flat, while in the other it 
disperses as k'^. This leads to a divergence in the density of states which is 
square-root rather than logarithmic. However, it remains a challenge for the 
theory to understand where the extended VHS comes from. 

The Fermi surface of YBCO consists of four sheets, associated with car- 
riers on several different layers, and there have been reports [24] that all 
four pieces of the Fermi surface are close to the calculated shapes and sizes 
(Fig. 2). The main cross-sections of the Fermi surface, marked by letters a 
and b in Fig. 2 originate from the Cu02-planes, while the sheet marked by c 
is chain-related. The smallest element of the Fermi surface, situated around 
the S-point, the so-called stick, is due to BaO-layers [15]. 

Recently, Shen and Dessau [25] reviewed photoemission studies on cuprat- 
es. The experimentally derived dispersion of the Cu02 anti-bonding band(s) 
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for a series of cuprates [25] show a remarkable similarity to one another and 
good agreement with LDA calculations at optimal doping. Therefore, the 
motivation for deriving the eight-band model was to represent faithfully the 
generic features of the electronic structure of cuprates, i.e. those originating 
from Cu02-planes, with a minimal set of orbitals. 

As has been shown in Ref. [16], the LDA bands originating from the 
generic structural element of the HTSCs, the Cu02-plane, may be accur- 
ately described within ±leV around the Fermi level by the eight-band, or- 
thonormal, nearest neighbor, tight-binding Hamiltonian, = 6 l'l£l + 

exp[ifc • T] with = 6l'l- This Hamiltonian has been first 
derived for the stoichiometrically doped, bilayered, 92 K superconductor 
YBa 2 Cu 307 , by downfolding the LDA energy bands using the LMTO 
method [17]. In the eight-band model, bands originating from non-generic 
structural elements separating the Cu02 layers, such as the chain and BaO- 
layers, have been removed. As a consequence, the eight-band model is 
two-dimensional. It features eight orthonormal local orbitals ipL {L = 1 
to 8) per Cu02-plane (layer). The first four of these are the cr-orbitals: 
02 px , C\idx2-y2 , 05 Py , and Cus. The others are the 7r-orbitals: 02pz , 
On dxz , 03 Pz , and Cndyz . The centers of the Cu orbitals form a slightly 
orthorhombic planar lattice, and the oxygen atoms occupy slightly out of the 
plane positions. Since YBCO has two Cu02-layers (bilayer) the full unit cell 
contains 2x8 orbitals. With respect to the symmetry of the wave functions 
for a bilayer we search for even and odd solutions corresponding to even and 
odd bands, with respect to the plane where yttrium atoms would be situated 
in a real crystal structure. 

The three first-mentioned cr-orbitals, 02 , Cuda, 2 _y 2 , and 03 Pj, , are 
nearly degenerate (sp - ~ leV; = Ej, w £y Ed = Sx^-y^)- They form 

the standard set which gives rise to a bonding (between copper and oxygen), 
a non-bonding (purely oxygen-like), and an anti-bonding pdcr-band with 
a total width of about 10 eV (tpa w 1.6 eV). The anti-bonding band, some- 
what hybridized with the remaining five orbitals, is the conduction band 
of the hole-doped HTSCs and, on electron scale, it is somewhat less than 
half full. As may be seen from the uppermost dashed- or dotted-bands in 
Fig. 4a, the conduction band has its minimum at F, saddle-points near X 
and Y, and maximum at S, as in the case of the full LDA band structure 
(see Fig. 1). With merely these three orbitals, and limiting their interaction 
to nearest neighbors, as well as neglecting the slight orthorhombicity of the 
bands, the saddle-points would be at X and Y, and the constant-energy con- 
tour passing through these points would be the two sets of XY-lines cross- 
ing at right angles (chequer-board). This contour, which is perfectly nested 
with nesting- vector q = S, would be the Fermi surface for half filling (no 
hole doping); the nearest neighbor three-orbital model, in fact, has perfect 
electron-hole symmetry with q = S at half filling. This type of saddle-point 
with d'^e/dkl = —d'^e/dky has been called ordinary or isotropic [26]. 
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The Cu s orbital, whose energy e* is about 5 eV above the Fermi level, 
repels the conduction band (tsp ^ 2.3 eV towards lower energy near X and 
Y, but not along FS where there can be no hybridization between Cu s and 
Cudj; 2 _j, 2 -like symmetries [16]. The saddle-point energies are thus lowered 
and the constant-energy contour passing through them corresponds to fi- 
nite hole-doping. The repulsion causes the angle between the two sheets of 
the constant-energy contour which passes through the saddle-points to be 
acute towards F and obtuse towards S whereby the nesting with q in the 
[ll]-direction deteriorates (anisotropic saddle point). This effect is usually 
included in the three-band model by allowing for 0-0 hopping and it cor- 
responds to folding the Cu s character into the tails of the neighboring 02 px 
and 03 py orbitals. Keeping the Cus orbital explicitly in the basis set (and 
limiting the hopping to nearest neighbors), however, leads to further insights 
[16]. Since the Cu s orbital is the most diffuse, it provides most of the hopping 
perpendicular to the layer and, hence, is mostly responsible for the splitting 
of the two conduction bands in a bilayered material into even and odd bands 
(a bilayer has 16 orbitals). This is the reason why the splitting of the bilayer 
bands is strongest near X and Y, and almost vanishes along FS, as may be 
seen in Fig. 4. Secondly, Ss is the band parameter which exhibits the strongest 
variation between HTSC materials; it is for instance high in La 2 -a,Sra;Cu 04 
and falls through the sequence from YBCO-, bismuth-, thallium-, Hg-, to 
infinite-layer compounds. This trend can easily be understood when noting 
that the Cus orbital in fact includes some Cud 3 j 2 _i and apical oxygen pz~ 
character. Therefore, the weaker the interaction between apical-oxygen p^ 
and plane-copper, the lower the energy Eg of the effective Cu s orbital. Such 



Eight-band model of YBCO 




Fig. 4. (a) 
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Y Eight-band model of YBCO S 




Fig. 4 . (a) (previous page) - The energy 
bands of the eight-band model of a Cu02 
bilayer of YBa2Cu307 along the sym- 
metry lines in the two-dimensional Bril- 
louin zone. The dashed curves refer to the 
eight odd (anti-bonding between the lay- 
ers) bands and the dotted curves to the 
eight even (bonding) bands, (b) (left) - 
The odd (chain curve) and even (full 
curve) sheets of the Fermi surface of 
a Cu02 bilayer of YBa2Cus07 in the 
irreducible part of the two-dimensional 
Brillouin zone. It is this part of the elec- 
tronic structure which the eight-band 
model is designed to reproduce accur- 
ately 



weak interaction can be caused by absence of apical oxygen, long distance 
from apical oxygen to the plane, or strong interaction of apical-oxygen 
with another orbital, such as chain copper d^2_y2; 

With Eg low, the four 7 r-orbitals may come into play, because a low £« 
depresses the saddle-points of the conduction band to near the top of the 
anti-bonding 02 p^- Cu dxz band at X and the 03 Pz~ Cu dyz band at Y. If 
the Cu 02 -layer is flat, the a and tt bands cannot hybridize, but if it is dimpled 
like in YBa2Cu307 or buckled, as found theoretically for the infinite-layer 
compound [ 27 ], these bands repel. Since the relevant matrix element vanishes 
right at X and Y, this repulsion, if it exceeds a certain critical value [ 17 ], 
will make the saddle-point at X bifurcate away from X towards F, so that X 
is now a minimum. Similarly for the saddle-point originally at Y. As found 
from accurate LDA calculations [ 15 ] (Fig. 1 and 2 ), and as may be seen in 
Fig. 4 , this indeed is the case for the odd bands in YBa2Cu307. Close to 
a bifurcated saddle-point a fraction of the Cudj.2_y2 character is transferred 
to oxygen -character. If the a — n interaction is exactly at its critical value, 
e.g. if the dimpling angle is exactly at its critical value, the saddle-point will 
be extended, that is, it will have fc^-dispersion towards F and fc^-dispersion 
towards S. The two sheets of constant-energy contour passing through an 
extended saddle-point will touch with the common tangent passing through 
F. The often-noted fact that the (LDA) Fermi surface is [ll]-oriented in 
La2_a;Sra;Cu04 but [ 10 ]-oriented in YBa2Cu307 is the combined result of 
the £g-lowering and the dimpling-induced cr — tt coupling. In YBa2Cu3 07 
the Fermi level is only a few meV above the bifurcated saddle-point of the 
odd conduction band. 

The Van Hove singularity in the density of states for a two-dimensional 
isotropic or anisotropic saddle-point is logarithmic, N{e) oc — ln|£ — £x|, 
and is little influenced by the degree of anisotropy because the fc-space angle 
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where the band is flat (towards F) is smaller than the angle where the band 
is steep (towards S). For an extended two-dimensional saddle-point, N{e) oc 
|e — which is a stronger singularity. Finally, for a bifurcated saddle- 

point, the singularity is, as already mentioned, logarithmic, but the prefactor 
is larger than if there were no cr - tt coupling, that is, if the layer were 
flat. Moreover, since the X-point is now a (shallow) band-minimum, N{e) 
jumps at £x- 




Fig. 5. The normal-state density of states in the neighborhood of the Fermi level 
for the eight odd (dashed curve) and eight even (chain curve) plane-bands of 
YBa 2 Cu 307 , as well as their sum (full curve). The two logarithmic van Hove sin- 
gularities are due to the saddle-points of the odd plane-band near respectively X 
and Y 



In Figure 5 the dashed curve results from a numerical calculation of the 
normal-state density of states, N{e), for the odd band in YBa 2 Cu 307 . Merely 
2 meV below the Fermi level we see the logarithmic singularity caused by the 
saddle-point bifurcated away from X; the jump due to the band-minimum 
at X is seen 14meV below. The slight orthorhombicity of the bands (for 
a discussion see [16]), splits the degeneracy of the saddle-points bifurcated 
away from respectively X and Y by 8meV. On the fine energy scale of the 
figure, the density of states for the even band is constant (chain curve) because 
its saddle-points are more than 0.5 eV below the Fermi level. It is obvious 
that the value of Y(ep) depends critically on the position of for such a two- 
dimensional model. It is, however, reassuring that our value, ~ 2 states per 
spin, eV, and bilayer, for the total density of states (full curve) compares 
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reasonably well with the value 2.5 states per spin, eV, and bilayer, obtained 
in accurate LDA calculations [15] for three-dimensional YBa 2 Cu 307 . 

In order to calculate quasiparticle spectra, in the superconducting state, 
we have generalized the eight-band model by incorporating a phenomen- 
ological electron-electron attraction, using the formal structure of density 
functional theory for superconductors [8,28]. So, we have replaced the full 
LMTO Hamiltonian in (14) by the eight-band model Hamiltonian featur- 
ing eight orbitals per layer of a bilayer material. The advantage of using the 
eight-band model over the one- or three-band models lies in that we are 
dealing with physical orbitals to which we can assign electrons. This way we 
can study a variety of pairing scenarios that can hopefully provide us with 
further insights to a possible origin of the pairing mechanism. 

5 Pairing Scenarios 

In this section we concentrate on a number of pairing scenarios [28] leading 
to various symmetries of the calculated superconducting gap. In Figure 6 we 
summarize the most interesting cases out of about 20 that we have studied. 
The convention of these schematic diagrams is that they explicitly indic- 
ate the orbitals occupied by members of a singlet electron pair when the 
attractive interaction, whose strength is measured by is operat- 

ive. The numerical values of Kll'{T) for each scenario are those which yield 
Tc = 92 K when deployed as the free parameter in our self-consistent solution 
of the BdG equation for the 2 x 8-band model. Note that these interaction 
parameters are not dimensionless and are surprisingly large, ~ 0.7- 14eV. To 
make contact with the dimensionless coupling constant A, one should rather 
use the Fermi surface average of Kll>(T) coupling coefficient and relate the 
average to the band width which in the present case is about 10 eV. This 
leads to A’s which are, as they should be, less than or of the order of one for 
all the scenarios studied here. 

In the case of conventional superconductors the effective electron-electron 
interaction induced by exchange of phonons is short ranged. Therefore, be- 
cause the phonon Green’s-function falls off rapidly in real space the dominant 
contribution comes from the physical situation when the two electrons are 
on the same atomic site, albeit at different times. In our methodology this 
would be described by Kll'{0) where L and L' refer to orbitals on the same 
site. 

The three scenarios on the left of Fig. 6 describe such cases to which we 
shall refer to as ‘on-site’. The scenarios on the right-hand side of the figure 
are the ‘off-site’ scenarios, or as we shall refer to them, the intralayer nearest 
neighbor scenarios. For the latter both orbitals belong to different but nearest 
neighbor Cu atoms. 

That even the ‘on-site’ pairing can lead to a very anisotropic gap is 
shown in Fig. 7, where we plot the gap Ak (T = 0) as a function of Fermi 
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point-like 
K„(0) = 14.3eV 
extended s-wave 




point-like 
K^(0) = 5.25eV 
d-wavc 



2 2 
X -y 



Fig. 6. The pairing interaction: Tc = 92K 




Fermi surface length for all scenarios given in Fig. 6. The reason for this 
is that the fe-dependence of the pairing potential can substantially differ 
from the fe-dependence of its expectation value in a band state. In case of 
the Cu on-site s - Cu s scenario the corresponding gap is highly anisotropic 
(Fig. 7a) . It vanishes where the Fermi surface crosses the PS line and it rises 
to 2A'^{0) ~ 40 meV near the X and Y points. Since it approaches FS with 
zero slope, the gap can be interpreted to have the full point group symmetry 
{Cav) with respect to rotations about the z-axis perpendicular to the bilayer. 
Such symmetry is colloquially referred to as s-type. But to differentiate it 
from the conventional symmetric gap states, as is customary, we shall refer to 
a gap displaying the above features as having extended s-wave symmetry. In 
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K,,(a) = 0.68eV 
d-wave 



Fig. 6. . continued. Schematic diagrams depicting studied scenarios of various 

pairing interactions, operating between Cus and Cudj, 2 _j ^2 orbitals in the Cu02 
layers. Details are given in the text 



the present case the interesting gap-anisotropy arises solely from the pecu- 
liar fc-dependence of the Cu s hybridization across the Fermi surface. For the 
BdG solution we found that the proper order parameter actually, 

the s-component of its lattice Fourier transform, has the same ‘extended-s- 
wave’ symmetry as the gap and, hence, the present scenario is an example of 
a very anisotropic s-wave pairing due to on-site interaction. However, due to 
a rather large value of Kss{0) = 14.3 eV, this scenario will be highly unlike 
to materialize in reality. 

The Cu on-site (1^2 ^y 2 - dx 2 _y 2 scenario, with Kdd{0) = 1.23 eV, leads 
to a fairly constant gap over the Fermi surface as is also observed to be the 
case in conventional superconductors. It is illustrated in Fig. 7b. The LDA 
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On-s^te Cu s - Cu s scenario, (a) 




Fermi surface length 



Fig. 7. a 

The calculated anisotropy of (half) the gap for the on-site Cus— Cus (a), the 
on-site Cud^2_y2-Cnd^2_y2 (b), and the on-site Cus-Cud^2_^2 (c), the int- 
ralayer nearest neighbor Cus-Cudj,2_j,2 (d), and the intralayer nearest neighbor 
Cudj.2_^2-Cudj,2_y2 (e) scenarios, as a function of the Fermi-surface length meas- 
ured from the crossing with the FS-line and in units of the inverse lattice constant, 
for the odd (crosses) and even (diamonds) sheets of the Fermi surface 



On>site Cu d - Cu d scenario, (b) 




Fermi surface length 



Fig. 7. b 
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calculations indicate that the Cu character is nearly constant along 

the Fermi surface, and since in this case the Fourier transform of the pairing 
potential does not contribute to the fe-dependence of the gap, the resulting 
gap is fairly isotropic. 

As in the case of the Cu on-site s — s scenario the on-site Cu s— Cu 
scenario, governed by A'«d(0) = 5.25 eV, also gives a very anisotropic gap. 
However, as shown in Fig. 7c, it is of ‘d-wave’ symmetry, indicated by the 
characteristic cusp at the origin. The fc-dependence in this case is due to the 



On-site Cu s - Cu d scenario, (c) 




Fig. 7. c 



fact that the Cu s character changes substantially across the Fermi surface, 
while the Cuda, 2 _y 2 character remains fairly constant. However, since Ks^{0) 
is rather large, this scenario, like the Cu on-site s — s scenario would probably 
be hard to realize in reality. 

Concerning the nearest neighbor interactions, if a pair of electrons has 
to be on nearest neighbor sites in order to attract each other, their lowest 
energy state is likely to have a large amplitude for them to be so situated. 
Then, if the order parameter for all the nearest neighbors to a site has the 
same sign, using the somewhat confusing terminology derived from symmetry 
under continuous rotations, it is said to have extended ‘s-wave’ symmetry. If 
it oscillates in sign as one follows around the nearest neighbors surrounding 
a site, the symmetry is referred to as ‘p\‘d\‘f’,‘g’, etc. . . Thus, as opposed 
to the ‘on-site’ scenarios, the nearest neighbor scenarios are expected to give 
rise to extended ‘s’ or exotic, non-s-wave, pairing. As indicated in Figs. 7d 
and e, this indeed turns out to be the case. 

First we discuss the gap along the Fermi surface for the nearest neigh- 
bor intralayer Cus—Cudj. 2 _y 2 coupling characterized by Ksdia) = 2.32 eV 
(Fig. 7d). Here a denotes the vector distances to the four nearest copper 
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Fermi surface length 



Fig. 7. d 



neighbors, (±a, 0) and (0, ±b), in the same layer. The rather low value of the 
coupling constant makes this an attractive candidate but the symmetry is 
extended s- and not d-wave. That is to say, the order parameter does go to 
zero on the (tt, tt) and (tt, -tt) lines in the Brillouin zone but it rises through 
positive values on either sides of these lines. In the fc-dependence of the gap 
this manifests itself in the fact that it approaches the (tt, tt) line with zero 
slope from both sides. If experimental evidence for ‘extended- s-wave’ pair- 
ing emerges this would be a useful model to investigate further [29], In this 
case the fe-dependence of the gap is due to both the lattice Fourier transform 
of the pairing potential and the fe-dependence of the Cu s. 



Intralayer Cu d - Cu d scenario, (e) 




Fig. 7. e 
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The final scenario we want to discuss is the intralayer 
Cud^ 2 _j, 2 -Cuda. 2 _y 2 scenario. If for a fixed Tc (= 92 K), a \o'ff-K ll’ {T) is 
regarded more likely than a hi^-KLL'{T) scenario, then clearly the most 
interesting case is the Cud 3 . 2 _y 2 — Cudj; 2 _y 2 interaction for which we found 
Kdd{o) ~ 0.68 eV. This is the smallest pair-interaction parameter Kll'{T) 
among all cases we have studied. The corresponding gap on the odd and 
even sheets of the Fermi surface shown in Fig. 7e features the cusp at the 
origin which implies that the gap has pure dj. 2 _y 2 -wave symmetry. As it 
turns out, so does the order parameter. Surprisingly, the variation of the 
gap along the Fermi surface is well described by the simple, ‘da, 2 _y 2 -wave’, 
function (cosafcj, — cosbky)/2. With & d — d off-site interaction kernel, and 
because the Cudj, 2 _y 2 character is fairly constant across the Fermi surface, 
it is now the Fourier sum which provides the fc-dependence of the gap. 

6 Results 

6.1 Gap Anisotropy and Quasiparticle Density of States 

Having identified the nearest neighbor intralayer Cudj,2_y2 — Cud^^-y^ scen- 
ario as the most probable one, on the account that it leads to the gap of 
d-wave symmetry and is associated with the smallest coupling coefficient 
Kll'{T), here we compare its gap anisotropy to the measurements of Schabel 
et al. [30], who studied four different samples of YBCO, all corresponding to 
different Tc’s. Although the agreement of our calculations was reasonable 
for all samples [28], in Fig. 8 we only present detailed comparison with the 
measurements for sample XVII, whose Tc is equal to the value for which the 
calculations were performed. Considering the fact that we did not fit our 
one free parameter, Kdd{o), to any feature of the gap measured by Schabel 
et al. [30], but only to obtain Tc of 92 K, the nearly quantitative agreement 
between theory and experiment for A^(0) can be taken as evidence that the 
relation between the attractive force, represented by Kdd{a), and the gap in 
the quasiparticle spectrum, is correctly described by our BdG equation with 
the eight-band model Hamiltonian. Note that the value of ~ 21meV for the 
half of the measured maximum gap compares favorably with the calculated 
value of ~ 19meV. Also, the calculated BCS-like ratio 2A(0 )A:bTc = 4.8 is in 
good agreement wdth the experimental value of 5.4 obtained for the sample 
XVII. That the Cuda, 2 _y 2 — Cudj. 2 _y 2 intralayer nearest neighbor interaction 
is the preferred ‘d-wave’ scenario is illustrated in Fig. 9, where we compare 
the respective gaps of this scenario, along both even and odd sheets of the 
Fermi surface, with the corresponding gaps of another ‘d-wave’ scenario, spe- 
cifically, where the interaction operates between Cus and Cudj. 2 _j ,2 orbitals 
on the same site. As can be seen, the latter scenario leads to substantially 
different dependence of the gap as a function of | cos(akx) — cos{bky)\/2. 

After exploring the anisotropy of the gap in the quasiparticle spectrum, 
it is also of interest to look at the elementary excitations in full energy range 
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Fig. 8. A comparison of the calculated gap for the intralayer nearest neighbor 
C\id^ 2 _y 2 -Cud^ 2 _y 2 , scenario with Kdd{a) = 0.68 eV for the even (e) and odd (o) 
sheets of the Fermi surface, with the experimental data deduced by Schabel et al. 
[30], from photoemission measurements on their sample XVII 



Sample XVII 




for both d-wave scenarios studied in this paper. To make this possible we 
have calculated the quasiparticle density of states 

Ns{E) = J2HE^-E)> ( 17 ) 

where, in this case, j runs over both positive- and negative-energy solutions. 
As will be seen in the next section, this is a useful quantity for calculations 
of the thermodynamic properties. To evaluate the sum over the Brillouin 
zone in (17) we used the same very accurate tetrahedron method as in the 
calculation of the normal density of states. Nevertheless, considerable extra 
effort was necessary to establish the linear dependence of Ns{E) at the low 
energy end of the spectrum, a result which is a general consequence of the 
d-wave pairing. The need for that can be understood while inspecting Ns(E) 
for the intralayer nearest neighbor Cuda, 2 _y 2 — Cuda, 2 _y 2 scenario, as shown 
in Fig. 10. The resulting quasiparticle density of states was evaluated at each 
energy E using 256 x 256 points in the full two dimensional Brillouin zone, of 
size — X Although there is a well-defined pseudo gap, 2/3pg(0) ~ 30meV, 
at the low-energy end of the spectrum, there are states within this gap down 
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Eight-band model of YBCO 




Fig. 9. A comparison of the calculated gap anisotropies for two different ‘d-wave’ 
pairing scenarios: The intralayer nearest neighbor Cud^ 2 _y 2 —Cnd^ 2 _y 2 scenario 
with Kdd{a) — 0.68 eV and the on-site Cus— Cu d^ 2 _y 2 scenario, with Ksd{Q) = 
5.25 eV 



to ImeV. Evidently, the states below 2Aps{0) arise from the points in the 
two-dimensional Brillouin zone where the gap vanishes. Once this is realized, 
it is clear that the lower limit to such states below ImeV is a numerical 
artefact caused by the finite number of fc-points in our integration scheme. 
Namely, there is always an Ef which falls closest to zero and below which 
there are no states. Focusing only on the regions of the Brillouin zone where 
the gap goes to zero and increasing the density of fe-points, while at the same 
time reducing the area of integration, we can show that Ns{E) goes linearly to 
E = 0, as should be the case for d-wave pairing. This is illustrated in Fig. 11, 
where we compare the slopes of the linear variation of Ns{E) for two different 
d-wave scenarios. Since the slopes depend on the specific fc-dependence of 
the gap function near its nodes, one can see that although both scenarios 
correspond to the same Tc , their respective quasiparticle spectra are very 
different. This can be verified experimentally, because the slope determines 
the low temperature specific heat as a function of temperature. In the next 
subsection we shall make such contact with available experiments. 



6.2 Specific Heat 

Given that the BdG equation provides a fairly complete numerical description 
of the quasiparticle spectra for each scenario, one of the specific heat Cy{T) 
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Intralayer Cu d - Cu d interaction 




Fig. 10. The total quasi-particle density of states of the eight-band model of 
a Cu 02 bilayer of YBa 2 Cu 307 , in superconducting state, for the intralayer nearest 
neighbor Cudj, 2 _j, 2 — Cudi, 2 _j ,2 scenario, with Kdd{a) = 0.68eV 




Fig. 11. A comparison of the linear behavior of the total quasi-particle density 
of states in the vicinity of the chemical potential for two different ‘d-wave’ pair- 
ing scenarios: The intralayer nearest neighbor Cudj, 2 _j, 2 — Cud 3 , 2 _j ,2 scenario with 
Kdd{a) = 0.68eV and the on-site Cu s— Cudi, 2 _j ,2 scenario with Ksd{0) = 5.25eV 
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at constant volume, which in case of independent fermions is 



Cl(T) = E 



kj 






Ef 



cosh^ (pEf/2) 



(18) 



with (5 = l/ksT. 

As shown in Fig. 12, there are two features of Cf (T) in the superconduct- 
ing state that are of general interest: one is the size and nature of the jump, 
[^^(Tc) - C„(Tc)]/C'„(Tc), and the other is the temperature dependence as 
T goes to zero. Here Cl and C„ stand for specific heats of superconducting 
and normal states, respectively. The results presented in Fig. 12 reflect the 
specific heat calculated for the one-band model with two different paring 
scenarios [28]. The full line corresponds to ‘s-wave’ pairing, with the usual 
constant gap of DCS type [19], and the dotted line was calculated using 
a single band ‘d-wave’ pairing model. Concerning the temperature depend- 
ence of the gap, it was taken from Miihlschlegel [31]. Note that in these 
calculations the jump for the ‘d-wave’ case is bigger than the universal ‘s- 
wave’ value. Since, however, it is not universal, in principle, it could be used 
to differentiate between different semi-phenomenological scenarios. Unfortu- 
nately, our eight-band model calculations are very difficult near Tc where 
the gap is very small. Also, fluctuation effects, which are large for high Tc 
superconductors, on account of the short coherence length, ~ a, make 
the interpretation of the experiments in terms of a jump problematic [32,33]. 
Therefore, we did not pursue our computations of C^{T) near Tc. 




T/Tc 



Fig. 12. A comparison of the normal state electronic specific heat (squares) with 
the electronic specific heat for ‘s-wave’ (diamonds) and ‘d-wave’ (triangles) pairing 
interactions, calculated for a one-band model with Tc = 92 K 
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The second noteworthy feature of Cf (T) is its approach to zero at low 
temperatures. As illustrated in Fig. 12, in the usual ‘s-wave’ case this is an 
exponential decay while for ‘d-wave’ superconductors it is a power law. In 
our two-dimensional calculations the latter is T^. Since the coefficient of the 
r^-term depends on the quantitative details of the electronic structure, it 
can serve as a suitable testing ground for our computations. Indeed, for the 
investigated ‘d-wave’ scenarios, the linear energy dependence of Ns{E) trans- 
lates directly to a T^-contribution to Cf (T) and a quantitative prediction 
for the coefficients of T^. 

In Figure 13 we display our results calculated from the quasiparticle 
spectra corresponding to two different d-wave scenarios [28]. In the case of 
Cuda, 2 _y 2 - Cvid^ 2 _y 2 intralayer nearest neighbor interaction we have eval- 
uated the full Brillouin zone integral in (17). Reassuringly, Cf(T) vs. 
curves are convincing straight lines as befits a ‘d-wave’ pairing scenario. For 
the Cu s-Cu dj; 2 _j ,2 on-site interaction we used only the linear part of Ns{E) 
depicted in Fig. 11 and, hence, the behavior was a forgone conclusion. As 
expected, the slopes are significantly different indicating that while both scen- 
arios predict the same Tc = 92 K their respective quasi-particle spectra are 
different in detail. In particular, as our discussion in the previous section in- 
dicates, this difference is due to the different rate at which A'“(T) rises from 
its node in fe-space. 




[K^] 



Fig. 13. A comparison of the calculated low temperature electronic specific heat 
for two different ‘d-wave’ scenarios featuring the intralayer nearest neighbor 
Cnd^ 2 _y 2 —Cndx 2 _y 2 coupling with Kdd{a) = 0.68eV {full line) and the on-site 
Cus— Cud 2 , 2 _j ,2 coupling with Ksd(O) = 5.25 eV {dotted line) 
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Unfortunately, also the interpretation of the low temperature specific heat 
measurements is fraught with difficulties [34,25]. Nevertheless, Moler et al. 
[35] were able to extract a contribution from their measurements on very 
high quality YBCO crystals and found = 0.95(T/Tc)^ (J/moleK). 

This is remarkably close to our result, 0.93 (T/Tc)^ (J/moleK) for the 
Cud 3 , 2 _j, 2 — Cu(i 3 , 2 _y 2 intralayer nearest neighbor scenario, and thus favors 
this scenario to its rival, involving ‘s’ and ‘d’ orbitals on the same Cu site. 



6.3 Tc versus Doping and Van Hove Scenario 

In this section we want to elucidate, in quantitative detail, the relationship 
between the Van Hove singularities and such superconducting properties as 
the transition temperature Tc . In particular, we reproduce the rise and fall 
of Tc with doping in quantitative agreement with experiments [36]. 

In general, there are two principal facts responsible for the persistence 
of the belief that a Van Hove scenario, implying that many of the special 
properties of the cuprate superconductors are due to the presence of saddle 
points in the band structure close to the Fermi level, is relevant to the high 
Tc problem. One is that it provides a natural explanation of the variation of 
Tc with the electron per atom ratio (e/a), namely doping. Specifically, one 
readily finds that when Ef is at the Van Hove singularity, Tc is maximum 
and it falls as e/a moves away from optimal doping as observed in experi- 
ments [24,37,38]. The second is that most first principles calculations of the 
electronic structure of high Tc cuprates do find Van Hove-like features near 

[17,39,40]. 

Of course, there are also many objections to the above suggestions [24,41]. 
In general, these are based on the expectation that a Van Hove singularity, 
being a delicate feature of the electronic structure, will be rendered ineffective 
as soon as realistic band structure, strong coupling, or disorder is introduced 
into the model. Here we want to demonstrate that the Van Hove-like sin- 
gularities predicted by first principles local density approximation (LDA) 
calculations in the electronic structure of high Tc materials can support the 
above phenomenon of Tc enhancement. 

Assuming that the Hamiltonian matrix and the interaction do 
not depend on the band filling (doping) n, we have solved the BdG equations 
for two different scenarios: the on-site Cuda, 2 _y 2 — Cuda, 2 _j ,2 scenario (s-wave 
symmetry) and the intralayer nearest neighbor Cu dj. 2 _j ,2 -Cu da, 2 _y 2 scenario 
(d-wave symmetry), at several temperatures for each value of the deviation 
Sn = n — Uc, where Uc is the band filling characteristic of YBa 2 Cu 307 . We 
have determined the transition temperature Tc as the lowest temperature for 
which the order parameter Xll' goes to zero. In Fig. 14 we show the Fermi 
surfaces for selected values of Sn. The Fermi energies, and therefore the cor- 
responding deviations Sn from optimal doping are indicated in Fig. 15, where 
we plot the density of states for the normal state. Clearly, in the optimally 
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doped material, £p is slightly above the orthorhombicity-split Van Hove sin- 
gularities, caused by the bifurcated saddle-points, and moves through them 
as it is lowered to increase the number of holes. The above calculations were 
repeated for many other band fillings and both scenarios mentioned earlier. 
The corresponding transition temperatures Tc are plotted in Fig. 16 against 
the deviation of the number of holes from that at optimal doping, that is 
to say —Sn. 



Y S 




Fig. 14. The odd (o) and even (e) sheets of the Fermi surface of a Cu02 bilayer 
of YBa 2 Cu 307 , in the irreducible part of the two-dimensional Brillouin zone. Here 
r = (0,0), X = (7r/a,0), Y = (0,7r/b), and S = (7r/a,7r/b). Moreover, ‘odd’ and 
‘even’ refer to the symmetry of the wave functions with respect to the mirror plane 
between the two Cu02 layers of the bilayer. The two solid curves labeled ‘4, o’ and 
‘4,e’ are the odd and even Fermi surface sheets, respectively, of the optimally doped 
compound with % of 92 K. The other odd sheets, labeled by ‘5,o’, ‘3, o’, ‘2,o’, and 
‘l,o’ correspond to [other] under- and over-doped compounds with the following 
Tc’s and approximate hole dopings beyond optimal doping: (43 K, -0.11), (86 K, 
0.01), (73 K, 0.03), and (28 K, 0.05). The saddle-points are bifurcated from X and 
Y towards F due to dimpling of the plane and they are split in energy due to chain- 
induced orthorhombicity. The relevant even sheets have not been presented here, 
because they are very much the same as the one for the optimally doped compound 
labeled by ‘4,e’. In Figure 15, where the density of states for the normal-state 
bilayer of YBa 2 Cu 307 is shown, the corresponding Fermi energies are marked by 
arrows labeled from ‘5’ to ‘1’ 
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The first thing to note about these curves is that Tc rises and falls with 
increasing number of holes as in a conventional d-wave Van Hove scenario 
[38]. Thus we have demonstrated that the bifurcated saddle points of the 
eight-band model can readily give rise to an enhancement of Tc by a factor 
of three or so. In fact the asymmetric shape of the curve is very similar 
to that due to an extended saddle-point [43], and this finding in itself is 
of considerable general interest. The second point of interest is the width 
of the Tc versus —Sn curve. As indicated in Fig. 16, our calculations for 
the intralayer nearest neighbor Cudx 2 _y 2 —Cudx 2 _y 2 scenario imply a width 
at half maximum, Sn = 0.14. This is remarkably close to the universal Tc 
versus —Sn curve deduced from experiments by Markiewicz [24]. In particular, 
he finds Sn = 0.15. In this connection it is important to stress that for 
simple 2D models featuring logarithmic Van Hove singularities, the width is 
a function of the average gap and pair interaction constant K. For instance, 
the width is influenced by the anisotropy of the gap; for d-wave pairing with 
the lobes along the Cu-0 bond, the relevant density of states is Nd{e) = 
Sfe |[cos(aA: 3 ;) — cos(6fcy)]^(5[e(fc) — e], and this sharpens up the peak because 
the X- and Y-points have maximal- and the FS-line no weight. As a result, 
^d{£) ^ near the Van Hove singularities, as long as the bifurcation is 
not too large, and it vanishes quadratically at the band edges [26]. Hence, 
the fact that our calculation, in which the only adjustable parameter Kdd{o) 
was chosen to fit ksTc, yields a width in agreement with experiment can be 
taken as a strong indication that the superconductivity, if nothing else, of 
YBaaCusOr can be described by a fairly simple BCS-like model, combined 
with a realistic band structure which supports Van Hove-like singularities. 

It is important that the experimentally observed rapid fall of Tc with 
overdoping is well reproduced by the theory. In our calculations, the reason 
for the fall-off is that, with increasing overdoping, the Fermi surface recedes 
from those parts of fc-space which have a strong [cos(afca;) -cos(6A:y)]^ weight 
(see Fig. 14). Bifurcation of the saddle-points further enhances this effect, 
because the X- and Y-centered electron pockets, created by the bifurcation, 
are lost at lower energies and, as seen in Fig. 15, this causes discontinuous 
drops in N{e) and, with full weight, in Nd{e). Moreover, we observe that 
when £p is some 100 meV above the Van Hove singularities Tc is still a sub- 
stantial 50 K. This surprising insensitivity of Tc to the distance of Sp above 
the Van Hove singularities may be the explanation for the ubiquitous oc- 
currence of high Tc’s in the cuprates. Conveniently, it makes the somewhat 
mysterious pinning of to such specific features of the density of states un- 
necessary. Another important point to make here is that the orthorhombic 
10 meV splitting (see Ref. [17]) of the Van Hove singularity does not produce 
a two-peaked structure in Fig. 16. Clearly, this is due to the fact that the 
splitting is smaller than the average gap. 

Leaving this section, we recall that the strategy behind investigating vari- 
ous interaction scenarios specified by the one, non-zero, interaction constant 
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Fig. 15. The normal-state density of states for the eight odd {dashed curve) and 
eight even {chain curve) plane-bands of YBa 2 Cu 307 , as well as their sum {full 
curve). The arrows labeled from T’ to ‘5’ mark the corresponding Fermi levels of 
several over- and under-doped compounds as described in Figs. 14 and 16. The 
logarithmic Van Hove singularities between markers 4 and 3 and between 3 and 2 
are due to the saddle-points of the odd plane-band near Y and X, respectively. The 
two discontinuous drops of the density of states near marker 2 and between markers 
2 and 1 are caused by the disappearances of the electron pockets at respectively 
Y and X. Such a logarithmic singularity followed by a discontinuous drop is the 
characteristic of a bifurcated saddle point in two-dimensions 



Krl,r'L', which is fitted to give the observed Tc, is that by calculating dif- 
ferent superconducting properties and comparing the results with experi- 
ments, we can eliminate some of them in favor of the others. Prom Fig. 16 it 
is clear that the width corresponding to the on-site Cud3,2_y2-Cuda,2_y2 
scenario is too large, and the case of the intralayer, nearest neighbor, 
Cu d^2 _y2 —Cn dx2 -y2 scenario is to be preferred. 

7 Conclusions 

We have presented a semi-phenomenological approach for calculating the 
quasiparticle spectra of high Tc materials in the superconducting state. We 
have illustrated it on the example of YBa2Cu3 07 by calculating some of its 
superconducting properties. The principle virtue of this approach is that it 
is able to make contact with the experimental data in quantitative detail 
while avoiding the proliferation of adjustable parameters. The approach is 
based on an effective parameterization of the electron-electron interaction 
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Fig. 16. Tc versus deviation of the number of holes from that at optimal dop- 
ing for the Cu02 bilayer of YBa2Cua07 . The dashed curve corresponds to the 
intralayer nearest neighbor Cudj,2_y2— Cud3,2_y2 scenario, while the dash-dotted 
curve represents the on-site C\id^2_y2—C\id^2_y2 scenario. On both curves Tc’s 
corresponding to different hole concentrations are marked 



with the density functional description of the superconducting state and the 
TB-LMTO method for solving the Kohn-Sham-Bogoliubov-de Gennes equa- 
tions. As indicated by comparison with experimental data for various quantit- 
ies studied here, the favorable pairing scenario is the one where the attractive 
force operates between electrons of opposite spins sitting in dj. 2 _y 2 orbitals 
on nearest neighbor Cu-sites of the Cu02 layers. It should be stressed that 
d-wave pairing has not been assumed here, but is the direct consequence 
of this particular interaction and the electronic structure described by the 
eight-band model. Moreover, the fact that Tc, the quasiparticle spectra, and 
the low temperature specific heat are all described quantitatively using only 
one adjustable parameter Kdd{o), suggest that irrespective of the nature of 
the pairing interaction, these properties are related to each other as dictated 
by the structure of the simplest BdG equations, that is to say, a simple BCS- 
like theory. 
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Abstract. A review is given of the structural, magnetic and transport studies on 
two-leg spin-ladder (M 2 Cu 203 )Tn(Cu 02 )n systems (where M are divalent or/and 
trivalent cations). The crystals belonging to these systems consist of two inter- 
penetrated subsystems. The first subsystem [M2CU2O3] is composed of (CU2O3) 
two-leg ladder planes and M ions coordinated to them. The second subsystem con- 
sists of Cu02 ID-chains. In these materials, the superconductivity wcis discovered 
for m/n = 1/1, 5/7, 7/10. The intrinsic and extrinsic superconducting properties 
of spin-ladder systems are presented and discussed in detail. The important role 
played by the hole transfer from Cu 02 planes to the spin-ladder planes is stressed. 
It is shown that the superconductivity in this new family of high-temperature su- 
perconductors should be described as an extreme type II limit. 



1 Introduction 

In the past decade, the study of cuprate compounds, especially high Tc su- 
perconductors, has been one of the most attractive subjects in the field of 
condensed matter physics. In addition to high-Tc superconductors, the variety 
of low-dimensional cuprates became the subject of extensive investigations 
and discussions. The low dimensional cuprates exhibit unusual magnetic phe- 
nomena such as the spin-Peierls transition in CuGeOa [1] and the Haldane 
gap in Y 2 BaNi 05 [2]. The ladder systems formed by n-spin chains coupled 
side by side are of particular interest since for these systems a possibility to 
observe the superconductivity has been suggested [3]. The quantum effects 
characteristic of low dimensional systems lead to a dramatic dependence of 
the properties of ladder systems on the number of legs (n) [4]. Ladders with 
an odd number of legs are characterized by a gapless spin excitation spec- 
trum and a power-law falloff of the spin-spin correlations. Ladders with an 
even number of chains have singlet ground states, separated from the lowest 
triplet states by a finite gap. The spin-spin correlations in this case fall as 
an exponential function of the distance. These theoretical predictions have 
been verified experimentally in materials having planes with weakly coupled 
arrays of ladders (see [4] and references therein) . 
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Among various spin-ladder compounds the (M2Cu203)m(Cu02)n cuprates 
(where M are divalent and trivalent cations) have attracted the largest at- 
tention because they comprise both simple chains and two-leg ladders of 
copper ions. This system consists of the CU2O3 spin-ladder planes as well as 
Cu02 chains. 

The orthorhombic structure of (M2Cu203)m(Cu02)n compounds is 
very often of incommensurate-type due to the presence of two sublattices 
(M2CU2O3) and (CUO2) (see Fig. 1). The sublattices possess very close 
lattice parameters along the a- and 6-axes. The lattice parameters along 
the c-axis in two sublattices are incommensurate because the correspond- 
ing structural units are composed of the CuO-squares sharing corners or 
edges. The commensurate version of the (M2Cu203)m(Cu02)n~type struc- 
ture means that (in addition to the parameters c\ and C2 corresponding to 
two sublattices) the reflexes ascribed to the common lattice (corresponding to 
mci = nc2 = c) are observed in the XRD pattern. At present, several groups 
of (M2Cu203)m(Cu02)n compounds have been successfully synthesized with 
the m/n-values equal to 1/1, 5/7, 7/10 and 9/13. 



• Cu 



c2 




Fig. 1. Model of the crystallographic structure of the (M 2 Cu 203 )m(Cu 02 )n com- 
pounds 



The ladder-type compounds contain the CU2O3 plane which has been 
predicted [5] to manifest the high-Tc superconductivity. The superconductiv- 
ity was indicated experimentally [6,7] in several (M2Cu203)m(Cu02)n“type 
compounds. However, a surprisingly large difference in the Tc-values of vari- 
ous (M2Cu203)m(Cu02)n Samples is noticeable. The transition to a super- 
conducting (SC) state was indicated at ambient pressure at 80 - 85 K in 
the single crystals of the (M2Cu203)m(Cu02)n (where M = Ca, Sr, Bi, Y) 
with m/n = 1/1 [8] and 5/7 [9] while the samples Sro.4Cai3,6Cu2404i,84 cor- 
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responding to mjn = 7/10 were superconducting at 3-4.5 GPa with Tc of 
about 10 K [7]. 

In this paper, we review the recent results on several groups of 
(M2Cu203)m(Cu02)n compounds with various m/n parameters (1/1, 5/7, 
7/10). The experimental results will be analyzed in order to reveal some 
correlations between the crystal structure and the manifestation of super- 
conductivity in these materials. The main attention in this review is devoted 
to the system with m/n = 5/7, in which the Tc as high as about 80 K was 
obtained, and for which detailed investigations have been done both for non- 
superconducting (NSC) as well as for SC samples. 



2 Spin-Ladder System (M 2 Cu 203 )(Cu 02 ) 

The structure of (M2Cu203)m(Cu02)n compounds can be efficiently ana- 
lyzed [10] in the fragment approximation. From this point of view, the 
(M2Cu203)m(Cu02)n“type compound is considered as a polysome mAnB in 
the polysomatic series with end members MCU2O3 (A) and Mi_j,Cu02 (B). 
The structure of polysome is represented by the combination of mk and nB 
slabs characteristic of two end members A and B. 

The two-legs ladder-type structure MCU2O3 is most characteristic for the 
case M = Sr, in which Sr is coordinated by 8 oxygen atoms. The Mi_a,Cu02 
for M = Sr is realized at 1 - x = 0.73 [11] with the same Sr-coordination 
polyhedron. In the case of M = Ca, the Mi_j,Cu02-type structure is stable 
at 1 - X = 0.83. However, for CaCu203 the ladder-plane is conjugated and 
the Ca-polyhedron is octahedron. So, the combination of the slabs A and B 
for M = Ca into the structural type (M2Cu203)m(Cu02)n is not stable and 
the corresponding compound can be obtained only at high pressures. Thus, 
the (M2Cu203)m(Cu02)„ = (MCu203)m(Mm/„Cu02)„-type structure is 
most stable for M = Sr at m/n — 7/10. The substitution of cations with 
various values of ionic charge and radius into M-sites allows one to realize 
the stable compounds with different m/n-values. 

When one slab is highly deficient, the corresponding reflexes in the struc- 
tural determination are relatively weak. As a result, in the commensur- 
ate description of the (M2Cu203)m(Cu02)n-type structure only the para- 
meter (ci or C2) of a more complete slab is recognized as a common para- 
meter c for the whole structure. Usually, the reflexes due to the parameter 
Cl ~ 3.9 A of the ladder-plane are better developed [8,12-14]. However, we 
have also grown the single crystals in which the common parameter of the 
(M2Cu203)m(Cu02)n“type structure corresponds to the Cu-0 chains with 
characteristic value C2 ~ 2.75 A. It should be emphasized that parameters 
a ~ llA and 6 ~ 13 A of the (M2Cu203)m(Cu02)n-type structure were 
clearly indicated in all the cases mentioned above. 

These considerations show that the (M2Cu203)m(Cu02)n“type com- 
pounds with m/n = 1/1, in which one fragment is more developed than 
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another, are not stable. Small deviations of the melt composition during the 
process of a crystal growth can lead to relatively large variations in the chem- 
ical composition and the distribution of cations over the M-sites along the 
sample. However, at the same time the detailed investigation of the struc- 
tural features along such non-homogeneous samples gives one a possibility 
to develop a model of the formation of the (M2Cu203)m(Cu02)n-type crys- 
tals and to reveal the correlation between the structure and superconduct- 
ivity in incommensurate phases. Such a situation was found in a relatively 
long needle-like sample of 8 mm in length which was cut into three pieces. 
For all three samples, detailed structural analysis was performed. The res- 
ults of studies performed on this unique set of samples predict the following 
scheme for the formation of (M2Cu203)m(Cu02)n {min = 1/1) samples. 
First it should be emphasized that the a- and 6-parameters typical of the 
(M2Cu203)m(Cu02)„ Crystals were fixed, indicating that both fragments 
were presented in the series of the samples under consideration. At early 
stage of crystal growth, sample 1 was formed with well-developed planes 
of Cu-0 chains (a = 11.294 A, 6 = 12.720 A, c = 2.769 A). The samples 
formed at the next stage represent the case of the most unstable structures 
with a possible domination of the phase with c-parameter close to 3.9 A 
(sample 2). At later stages, the 1/ 1-type structure can be transformed to the 
structure of incommensurate type with various m/n-values which are caused 
by the characteristics of M-cations. The instability of structure can be il- 
lustrated by various sets of the lattice parameters determined from different 
numbers of reflexes in the XRD as in the sample 3. The sets a — 11.348 A, 
66 = 12.915 A, c = 74.25 A; a = 11.399(3) A, 6 = 12.886 A, c = 19.499(4) A; 
and a = 22.811 A, 6 = 25.735(5) A, c = 39.02(1) A were obtained for 25, 
12 786 and 103892 reflexes, respectively. Other samples from the same batch 
were smaller, and as usual with reduction of dimensions, they were character- 
ized by a better shape and smooth shiny metallic natural faces. Such samples 
were characterized by a high perfection as the structural refinement by single 
crystal XRD was performed with a low R-factor value [8]. These samples 
(one of them is referred to hereafter as sample 4) have the lattice constants 
a = 11.361(4) A., b = 12.906(7) A., c — 3.9067(8) A (space group Fmmm). It 
should be noted that sample 4 could be also described in the commensurate 
approximation with large m- and n-values (m/n = 31/44). 

Figure 2 presents the zero field cooled (ZFC) magnetic susceptibility data 
for the samples described above. It is worth noting that Tc-values are similar 
and close to 82 K while the shielding effect varies significantly. It should be 
mentioned that the values of shielding effect were determined taking into 
account demagnetizing factors of the samples. The observed differences in 
the shielding effect are significantly larger than those caused by any possible 
errors resulting from improper determination of demagnetizing factors. One 
can see from Fig. 2 that the shielding for sample 1 is the lowest and close to 
that of sample 4. At the same time this last sample was shown [8] to possess 
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highly perfect structure. The largest shielding was observed for sample 2, the 
most unstable from structural point of view. 




Fig. 2. Temperature dependences of ZFC susceptibility for several crystals of 
(M2Cu203)m(Cu02)n (m/u = 1/1) System 



It is worth mentioning that the manifestation of superconductivity in the 
(M2Cu203)m(Cu02)n , tti/n = 1/1-type phases depends on the type of M- 
cations [8]. 

3 Spin-Ladder System (M 2 Cu 203 ) 5 (Cu 02)7 

In contrast to the non-deficient phases from the group m/n = 7/10 [12,15,16], 
the incommensurate m/n = 5/7 phases are characterized by a small defi- 
ciency of Cu-sites distributed approximately equally in both the ladder-type 
CU2O3 plane and the Cu02-plane of the chains. Superconductivity was found 
in the crystals of following compositions and unit cell parameters; 
(Sr3.5Yo,iCa5.9Alo.iBio.3Pbo,i)Cui5,i029 

(a = 11.319(2) A, b = 12.763(2) A, c = 19.49(1) A,Te = 80 K); 
(Sr3.iCa5,9Bio.4Yo.3Pbo.3)Cui6,7029 

(a = 11.32 A, b = 12.75 A, c = 19.49 A, = 80 K); 
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(Sr4.02Ca5.84Bio.l4)Cui5.84 0 29 

{a = 11.346(1) k,b= 12.809(3) A, c = 19.52(1) A, Tc = 82 K); 
(Sr4.42Ca4.86Bio.05)Cui7029 (SCI) 

(a = 11.349(7) A, 6 = 12.896(5) A, c = 19.49(3) A, Tc = 84 K). 

As an example of NSC composition, the following single crystal can be 
presented: (Sr6.iCa3.3Bio.iYo.3)Cui6,4029 (a = 11.346(3) A, 6 = 12.996(3) A, 
c = 19.586(9) A). 

On the basis of the XRD single crystal structural determination we have 
revealed the correlation between the structural features and the occurrence 
of superconductivity. The structure of SC and NSC samples differs by the 
coordination polyhedra for Cu in the ladder-planes. In NSC samples the 
5-apexes polyhedron was fixed with the Cu-0 distances 2.58 - 2.79 A and 
1.95 — 2.17 A for out-of-plane and in-plane oxygen atoms, respectively. In SC 
samples the distance from Cu to out-of-plane oxygen (2.85 - 3.14 A) is signi- 
ficantly larger than that (1.88 - 2.00 A) for in-plane oxygen. The situation is 
similar to that for SC and NSC Y-123-type compounds for the distances of 
Cu, in the Cu02-plane, to in-plane oxygen atoms and to the apical oxygen. 
The difference in the Cu-0 distances in the plane of Cu02 chains of SC and 
NSC (M2Cu203)m(Cu02)n“type phases with m/n = 5/7 was also indicated. 
The CuO-squares are smaller in the SC samples. The difference in the optical 
data of the SC and NSC compounds can be interpreted on the basis on the 
structural changes mentioned above [17]. 

Two features of the manifestation of superconductivity can be distin- 
guished in the (M2Cu203)m(Cu02)n-type phases with m/n = 1/1 and 
m/n = 5/7. The M-cation radius varies in the range 1.26 — 1.28 A and 
the formal Cu-valence is higher than 2.30. The first feature is related to the 
value of the 6-parameter, which is distinctly smaller than ~ 13.0 A in the 
SC samples. A smaller 6-value favors the charge transfer from the plane of 
the Cu02 chains to the ladder plane. Along with the first feature, the second 
one characterizes the cation composition of the superconducting sample and 
is directly related to the concentration of free carriers. The concentration of 
free carriers is higher in superconducting samples and the difference is clearly 
seen in the optical spectra [17]. 

A very effective method to study pure and doped spin-ladder compounds 
is based on the measurements of magnetic properties of the system. Using 
this method we have been successful in determining the carrier distribution 
between spin-chains and spin-ladders. The analysis and discussion of prop- 
erties of the (M2 Cu 203)5 (Cu 02)7 system presented in this part of the paper 
is based mainly on the results of magnetic measurements which have been 
presented in [18] and [19]. 

Generally, one should expect that the critical temperature Tc is depend- 
ent not only upon the concentration of the carriers, but also on the charge 
carrier density in the ladder plane which is responsible for superconductivity 
in this group of superconducting compounds. The transfer of carriers from 
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chains to ladders has been determined for NSC and SC samples analyzing the 
temperature dependences of magnetic susceptibility x(T). Fig. 3 a presents 
the reciprocal magnetic susceptibility versus temperature of a typical NSC 
sample measured in magnetic field applied along three main crystallographic 
axes. One can see that the magnetic susceptibility x is highly anisotropic: 
Xb> Xc~ Xa- 




Fig. 3. a Temperature dependences of the inverse volume susceptibility for the 
nonsuperconducting sample, in an external magnetic field H = 5 kOe applied along 
the main crystallographic axes a, b and c 



The susceptibility x{T) shows a strong upturn in the low temperature region 
(see Fig. 3 b for NSC sample with composition Sr6.1Ca3.3Bio.1Yo.3Cui6.4O29) 
due to a Curie-Weiss contribution. This contribution may arise from finite 
length chains with odd number of spins [ 20 ], isolated spins, and/or other para- 
magnetic impurities. The detailed analysis of the temperature dependence of 
magnetic susceptibility x{T) [ 21 ] has shown that x should be described as 
a sum of a temperature-independent term xo > a Curie-Weiss term Xcw , and 
a dimer term related to the Cu02 chains, Xch^ 



x(Y) — Xo + Xcw(T) + Xch(T) 



(1) 
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Fig. 3. b Volume susceptibility of NSC sample vs temperature for H || 6-axis. 
Solid line - fitting of (2) to experimental points {open squares), dashed lines - 
components xo , Xcw and Xch of susceptibility 



where Xcw = Cg/{T - 0) with Cg = {AkM mo\), 

Xch = D/{T{3 + exp[4/A:r])) with D = 2ndg‘^/3^J\fj,l{kMmo\), 

Ti{ is number of free ions (S = |) per f.u., p - the Bohr magneton, 

- the Avogadro number, k - the Boltzmann constant, Mmo\ ~ the molar 
mass, rid - the number of dimers per f.u., and A is the energy gap for dimers. 
The ^-factors used in these expressions are usually determined from ESR 
experiments. The ESR experiments [22] performed on NSC and SC samples 
revealed strong coupling of spins to carriers. This dynamic coupling leads 
to the shift and averaging of the Cu^+ spectra. To avoid this effect (the 
magnitude of which is difficult to determine), in the further consideration 
the ^-factors were taken the same as determined for Cu^+ in chains in the 
nonmetallic Sri4Cu2404i single crystal [23]: 

ga = 2.05, gt = 2.26, gc = 2.04. 

Since free Cu^+ ions are attributed to unpaired ions located in chains [23] 
the above values of ^-factors were also used to calculate ri( parameters. The 
susceptibility given by (1) was fitted to experimental data. The results of 
fitting for three cases of magnetic field applied along a, b and c axes are 
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given in the Table 1. For H \\b they are shown in Fig. 3b as dotted lines for 
three components, xo i Xcw(T) , Xch(T), the total susceptibility x(3^) being 
shown as solid line. Standard errors of Uf and rid values are estimated to 
be in the limit of 1.6% and 3.2% of these values, respectively. The obtained 
differences in values of both ji{ and n<j for three crystallographic directions 
(which are less than 10%), seem to be mainly due to unknown true values of 
^-factors for Cu ions in chains and ladders. 



Table 1. The set of fitting parameters describing the paramagnetic susceptibility 
of NSC sample according to (2) {Cg and D in emuK/gOe; 0 and A/k in K) 



Axis 


c« • 10^ 


0 


nf 


D ■ 10^ 


A/k 


rid 


a 


1.44 ±0.02 


-3.5 ±0.1 


0.834 


9.4 ±0.2 


92 ±2 


0.680 


b 


1.88 ± 0.03 


-3.5 ±0.1 


0.896 


1.24 ±0.04 


97 ±2 


0.738 


c 


1.47 ±0.02 


-3.6 ±0.1 


0.860 


9.7 ±0.3 


96.6 ±1.5 


0.710 



In the above analysis, the Xch was taken in the approach of noninteract- 
ing dimers [24]. This approach, applied to our case, gives a rather good fit 
as shown in Fig. 3b. This means that the interdimer interactions in this case 
are rather small and may be neglected. Spontaneously dimerized Cu^+ ions 
in antiferromagnetic chains resemble a spin-Peierls instability. The dimer- 
ization reported here seems to be of different origin from that of standard 
spin-Peierls transitions found in CuGeOa [25] where the dimerization occurs 
as a result of strong spin-lattice coupling leading to a spontaneous lattice 
distortion and a structural phase transition. In our case, the dimerized state 
is rather a purely quantum effect originating from the competition between 
nearest-neighbor and next -nearest-neighbor exchange interactions and does 
not involve any structural phase transitions. The dimerization may also be 
connected with charge ordering expected to exist in Cu02 chains. Since the 
formal valency of copper ions in (M2Cu203)5(Cu02)7 is about -1-2.24 this 
means the existence of 4 holes/f.u. In NSC samples, these holes are expected 
to be localized in the chains and are coupled with the copper spins to form 
the Zhang-Rice singlet [26]. Therefore the dimerized state of the chain may 
be expressed as (-1-0—) (-1- and — represent the copper spins, 0 represents the 
Zhang-Rice singlet) charge ordering state. It cannot be excluded that this 
charge ordering effect is responsible for a lattice dimerization. Prom magnetic 
susceptibility measurements, it is apparent that the total spin density in spin 
chains (nf + 2nd) is about 2.3, which is smaller than expected for the ideal 
M10CU17O29 stoichiometric compound. But this difference is small (0.7) and 
may be due to non-stoichiometry. 

Calculating the nominal number of holes/f.u. expected for a NSC sample 
of composition (Sr6.iCa3.3Bio.iYo.3)Cui6.4 029 it is easy to show that the 
formal number of holes is 5.2/f.u. Since (nf -f 2nd) = 2.3 one should expect 
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Fig. 4. ZFC volume susceptibility vs temperature for the nonsuperconducting 
sample, for various intensities of magnetic field parallel to the a-axis 



(assuming ideal oxygen stoichiometry) that 0.5 holes /f.u. is transferred to the 
ladder plane where holes are expected to be delocalized. This transfer is too 
small to make the sample superconducting. But unexpectedly, the existence 
of sufficient mobile carriers concentration (at least in some small regions) 
has been confirmed studying the dependence of the magnetic susceptibility 
X{T) as a function of magnetic field H. It was found that the magnetic 
susceptibility x(^) depends on the magnetic field for H < IkOe. This is 
shown in Fig. 4, where x(^) measured in several magnetic fields is presented. 
In the higher field region (1-10 kOe), the x(T) is magnetic field independent. 
Then in fields from lOkOe to 50kOe, it slightly decreases with increasing 
field. In Fig. 5, the magnetization data M{H) at T = 5K is shown for 
H < 800 Oe. One can see in the low field region a deviation of M to values 
lower than those of the linear relation M{H) extrapolated from the field 
range of 1 — lOkOe. The net deviation is also shown in the figure and in 
the enlarged scale in the inset. The results, shown in Figs. 4 and 5, together 
with a small but distinct difference between ZFC and FC susceptibilities 
observed in H = 200 Oe (these results are not presented here) could indicate 
an appearance of the traces of superconductivity. The only way to explain 
these results is to assume the concept developed by Nagaev (see review paper 
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[27] for references) and Hiznyakov and Sigmund [28]. Recently, we have used 
this concept to describe the magnetic properties of YBa 2 Cu 30 a; [29] and 
La 2 Cu 04 +i [30,31]. According to this model, the holes introduced into Cu02 
planes create small spin polarized clusters (magnetic polarons) which, with 
an increasing hole concentration, start to overlap and build up a percolation 
network. Prom this point of view, the percolation network can exist also in 
the NSC sample, but in this case the percolation threshold is not reached. 
The external magnetic field (of magnitude higher than first penetration field) 
suppresses traces of superconductivity existing in the hole-rich region making 
magnetization of the sample field-dependent. A magnetic field of about 1 kOe 
is high enough to suppress the superconductivity in superconducting regions 
(superconducting drops) inside the sample. For higher magnetic fields, the 
magnetic susceptibility becomes field independent. 




Fig. 5. Magnetization curve M{H) at T = 5K presented as Crosses and the solid 
line extrapolated from a linear part of M(H) (1 — lOkOe). Open circles at the 
bottom of the figure present the difference between experimental and extrapolated 
data. The same difference is shown in more convenient scale in the inset (M and 
H are expressed in the inset in the same units as in the main figure) 



In the above analysis of the properties of NSC samples, the important 
point was a possibility to determine Ud and Uf values from the temperat- 
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ure dependence of magnetic susceptibility x(T). Such procedures cannot be 
directly applied to SC samples because of diamagnetic contribution below 
Tc . In order to suppress this contribution, the magnetization M(T) for SC 
samples has been measured in a relatively high field of about 50 kOe. Results 
for the field cooled regime are visually quite similar to those presented in 
Figs. 3a and 3b. In the case of SC samples, similarly as for NSC samples, the 
relation Xb > Xa Xc is also fulfilled. For SC samples, the paramagnetism 
also contributes a significant amount to the susceptibility. So neglecting the 
contribution of superconductivity and applying the same fitting procedure as 
for NSC samples, we obtained the parameters presented in Table 2. Stand- 
ard errors of rif and na are in this case lower than those obtained for the 
NSC sample (being in the limit of 0.7% and 1.4%, respectively). However, 
since the applied experimental procedure could not suppress the supercon- 
ductivity entirely, we should assume that these parameters, as compared with 
those for NSC samples, are determined with the same or even larger errors. 
In the case of SC samples, the values of g-factor components were taken 
the same for free Cu^+ ions and for Cu^+ ions in chains and equal to those 
taken for NSC samples. 



Table 2. The set of fitting parameters describing the paramagnetic susceptibility 
of SC sample according to (2) {Cg and D in emuK/gOe; 0 and zl/fc in K) 



Axis 


Cg ■ 10^ 


0 


nf 


D - 10^ 


A/k 


Tld 


a 


1.942 ±0.014 


-12.3 ±0.1 


1.053 


1.178 ±0.016 


138 ± 0.85 


0.798 


b 


2.22 ±0.01 


-9.8 ± 0.06 


0.990 


1.402 ±0.014 


128.5 ±0.6 


0.782 


c 


1.677 ±0.007 


-8.89 ±0.06 


0.918 


1.047 ±0.01 


124 ±0.6 


0.716 



For the above studied SC sample, the sum (uf -I- 2nd) is higher than that 
obtained for the NSC sample and equal to about 2.6. Formally calculated 
number of holes/f.u. for the SC sample is considerably higher (about 7/f.u.) 
than in the case of the NSC sample. This fact, together with relatively high 
number (nf + 2nd), unambiguously indicates a large number of holes trans- 
ferred from chains to ladders. This transfer is responsible for superconduct- 
ivity in spin-ladder compounds. The large number of nominally determined 
holes may indicate that the measured sample is in an overdoped regime. In or- 
der to check this possibility, the relation between critical temperature Tc and 
nominal concentration of holes has been determined [32] taking samples with 
different Tc and different compositions. It is seen from Fig. 6 that the curve 
describing the dependence of Tc on the calculated number of holes/f.u. (nj,) is 
“bell shaped,” as is the case for many other superconducting cuprate systems. 

It is worth noting that the temperature dependence of electrical resistivity 
p{T) for highly overdoped sample (Fig. 7) has semiconductor-like character 
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Fig. 6. Dependence of Tc on a calculated number of holes per f.u. The fitted line 
is only a guide to the eye 



above Tc . A similar semiconductor-like temperature dependence of p(T) was 
observed in Y-123, (La,Sr) 2 Cu 04 and Bi-2212 superconductors, with various 
carrier concentration for out-of-plane resistivity [33-35]. 

The results of dc susceptibility measurements performed for the zero field 
cooled (ZFC) sample in the magnetic field H = 10 Oe applied along three 
crystallographic axes are presented in Fig. 8. Two features are well demon- 
strated in the Figure: 

• the ZFC susceptibility (corrected for demagnetizing factor) is less than 
that of an ideal diamagnet; 

• the susceptibility is highly anisotropic (it also concerns the FC suscept- 
ibility) but in contrast to the paramagnetic region, in the diamagnetic 
region the following dependence is observed; \xc\ < |X6| < |Xa|- 

The observed deviation of the magnetic susceptibility from the ideal -1/47T 
value in ZFC regime is due to the very low value of the lower critical field Hd 
which seems to be characteristic of this new family of high-Tc compounds. 
The anisotropy of high and low field magnetic susceptibility x(^) is due to 
the anisotropy of Hd and consequently due to the anisotropy of the car- 
rier effective mass. 
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T (K) 



Fig. 7. Dependence of electrical resistivity p on temperature 



In measurements of hysteresis loops, a considerable anisotropy has also 
been observed in the entire irreversible region of magnetization (|Md < 
\Mb\ < \Ma\)- The width of the hysteresis loop, AM, defined as a differ- 
ence of magnetization for increasing and decreasing magnetic field, for all 
investigated samples (in entire magnetic field range) was distinctly lower for 
H \\ c than for H \\b and H || a. The ratio AMa/ ^Mf, depending on the 
sample (and on a field value) was between 1 and 2. The hysteresis loops for 
one of the samples, measured at 5K for magnetic field applied along three 
crystallographic axes, are given in Fig. 9. The experimental points shown in 
Fig. 9 are corrected for the paramagnetic contribution taking the paramag- 
netic susceptibility described earlier in this section. 

Taking the values of AM it was possible to evaluate the critical current 
density. The estimation was made using whole dimensions of crystals (neg- 
lecting any possible substructure as possible blocks or mesoscopic structure) 
and was treated as a lower limit of critical current density at 5K and in 
H = 0. At first, we considered the case of an isotropic critical current using 
the Bean formula Jc = 20AM/a(l — a/36) (a < 6) modified for a rectangu- 
lar cross-section. The critical current density in (a, b) plane, corresponding 
to the smallest hysteresis loop, is in the limits (3 — 5) x 10^ A/cm^, as es- 
timated in such a way for several crystals. For (a, c) and (6, c) planes the 
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Fig. 8. ZFC susceptibility vs temperature for one of SC samples measured in H = 
2 Oe applied along the a, b and c axes 



estimated Jc values are several times higher. These results are indicative of 
the anisotropy of critical current densities and suggest that the critical cur- 
rents probably fulfill a relation Jcc > Jet > Jea i where Jea , Jcb S'lid Jee 
are critical currents along a, b and c axes, respectively. Taking into account 
the above we tried to apply the extended Bean model for a superconductor 
with anisotropic critical currents [36]. The results of such analysis of exper- 
imental data confirmed the relation between critical current densities along 
three crystallographic axes given above. For the crystal with data shown in 
Fig. 9, we estimated critical currents densities (expressed in lO^A/cm^) as 
follows; Jca = 2, Jcb = i and Jc^ = 15. However, the anisotropy of Jc can be 
underestimated because of inconvenient shape of crystals and of weak AM 
dependence on the anisotropy [36]. 

Relatively low values of estimated critical currents could be characteristic 
of this new family of superconductors, but this fact can be also caused by 
some kind of granularity of the samples. The roughly estimated transport 
critical current along the c-axis being at least one order of magnitude smal- 
ler than magnetic critical current suggests the latter possibility. However, our 
X-ray measurements do not indicate on the existence of any texture or other 
large scale imperfectness of investigated single crystals, so one should assume 
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Fig. 9. Hysteresis loops mecisured at 5 K for one of the SC samples in a magnetic 
field applied along the main crystallographic axes. The experimental points shown 
in the figure are corrected for the paramagnetic contribution 



the presence in the samples’ specific granularity in the sense defined by Wohl- 
leben et al. [37]. According to [37], the crystal can be intersected by surfaces 
of molecular thickness and some of them are related to various structural 
defects. The defect surfaces can subdivide the crystal into superconducting 
blocks. The crucial point of the model [37] is the assumption that the size 
of superconducting blocks is of the order of the penetration depth. In frames 
of this “granular” or “mesoscopic defect” model it is very easy to explain low 
values of transport Jc (because of weak links between grains), underestima- 
tion of magnetic Jc , as well as the incomplete shielding. The existence of the 
weak links and/or Josephson junctions is to some extend confirmed by our 
ESR measurements. Taking into account the fact that grains or blocks have 
the same crystallographic orientations, and assuming that their dimensions 
are yet sufficient for existence of regular ffuxon network and that supercon- 
ducting fraction in our crystals is close to 100%, we have made an attempt 
to estimate critical state parameters in frames of the anisotropic Ginzburg- 
Landau model. 
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According to the standard Ginzburg-Landau theory, the reversible mag- 
netization depends on the magnetic field [38] as follows: 



M{H,T) = 



^0 , r]Hc2 

327t2A2 eH 



(2) 



where A is the penetration depth, #o (= h/2e) is the flux quantum and r] is 
a constant of the order of unity. Equation (2) is commonly used to determine 
the value of the penetration depth A and the upper critical field Hc 2 ■ 

Anisotropic superconductors, such as high-Tc superconductors, are not 
well described by the isotropic Ginzburg-Landau theory. The simplest way 
to modify the theory for layered superconductors is to incorporate anisotropy 
via an effective mass tensor. Such a procedure was developed by Kogan and 
collaborators [38-41]. It is possible to extend the Kogan results to treat or- 
thorhombic superconductors: 



M{H II X.) = 32^ In 



TjHc,2{,H II ajj) 



where Xi axes correspond to principal crystallographic directions, a, b and c 
for i equal 1, 2 and 3, respectively, rrii is a dimensionless normalized effective 
mass {rrii = Mj/(MiM2M3)^/^), Mi is the effective mass along the direction 
Xi . The penetration depth Aj associated with the component of the screening 
current flowing along Xi is A, = A(mj)'^/^. Since mimQms = 1 



A — ^ Ai A2A3 . 



It can be shown [42] that 



Hc2{H II xi) = „ ° , i¥^j¥^k, 

where ^i = is the coherence length along Xi direction and ^ = 

The values of A and Hc 2 {H || Xi) were derived from measurements of re- 
versible magnetization M{H,T), for magnetic field along the principal crys- 
tallographic directions, in the temperature region 30 - 60 K. This temperat- 
ure range was chosen taking into account that from one side we would like 
to have a sufficiently large field range where H > Hi„ , and from another 
side we would like to limit the influence of thermal fluctuations on M{H) 
dependence. Both paramagnetic and superconducting contributions to the 
reversible magnetization, can be expressed in the form: 

= C\ -\- C 2 H 4- C3 \nH , (3) 

where ci , C2 and C3 are constants for a fixed temperature, chemical com- 
position, and orientation of the sample with respect to the applied magnetic 
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field. The second term {C 2 H) describes the paramagnetic contribution to the 
reversible magnetization while the others describe the behavior of a super- 
conductor in the broad field domain Hd < F < [38]. By fitting (3) to 

experimental data it was possible to separate both components of magnet- 
ization. It is worth to mention that a difference between the paramagnetic 
susceptibility determined in this way and that determined from M (T) meas- 
urements in 50kOe does not exceed 5%. After subtraction of paramagnetic 
contribution from Mrev(F), the remaining net superconducting component of 
magnetization can be presented as a linear relation of M versus InF. As an 
example, in Fig. 10 such dependences at various temperatures are presented 
for H along the a axis. 




In H 



Fig. 10. Reversible magnetization vs InF at several temperatures for H applied 
along a-axis 



One should realize that such a large contribution from the paramagnetic 
component to the magnetization (as in the case of our samples) significantly 
limits the precision of A and Hc 2 determination. We evaluate that the A 
values are estimated with errors of 20% to 30%. The upper critical field 
was determined with considerably higher error than the penetration depth 
because of two following reasons: (i) the uncertainty in the value of t], which 
depends on the geometry of the vortex lattice and which can be determined 
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only together with i?c 2 (we assume that rj = 1 A)] (ii) much stronger influence 
of errors in determination of parameters ci , C 2 , C 3 from (3) on Hc 2 than on A. 

The penetration depths Xa{T), Xb{T) and Ac(T), as derived from the 
experimental data, are plotted in Fig. 11 as A~^/^ versus (1 — (T/Tc)^). 
One can see that the function Xi{T) = Ai(0)((l - satisfactorily 

describes the experimental data. From the fitting of above formula, we have 
obtained the following Aj(0) values: A,, ss Aj « 2.5 pm and Ac 0.6 pm. 
The dependence of A“^ has been observed previously in YBaaCusOe+i 
fine particles [43] and in cobalt and zinc doped YBa 2 Cu 306 +a; [44] but its 
physical meaning is yet unclear. It has been suggested that this dependence 
arises due to the strong temperature dependence of the mean free path of 
carriers leading to the additional temperature dependent factor contributing 
to A(T). The term may also arise as a consequence of unconventional 
pairing (see [45] for details and references). Such a mechanism seems to be 
very attractive, but to confirm its existence further experiments are needed. 




Fig. 11. Temperature dependences of A vs {T/Tcf for a and c axes. Values of 
A~^^^ for the 6-axis are not presented (as being close to those for the a-axis) to 
mahe the figure more legible 



Taking J?c 2 values estimated for series of temperatures with H along a, 
b and c axes, we estimated the values of ^i(T). Assuming that the temper- 
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ature dependence of the coherence length could also be described by the 
function describing \{T) (in order to make the Ginzburg-Landau parameter 
K temperature independent) it was possible to roughly estimate ^<(0) values, 
obtaining 20 A, 13 A and 45 A for i = a, b, c, respectively. The fact that the ^ 
value for c axis is distinctly larger than those for a and b axes confirms the 
expectations that the observed superconductivity has quasi-one dimensional 
character and should be related to the ladders or chains. 

Taking the values of Ai(0) and ^tnd realizing that these last values 
are only roughly estimated, we have derived from them Ki and Hc 2 (T = 
0, i) values. The obtained results are as follows: Kj = 600, 400, 1600 and 
Hc2(0,i) = 560 kOe, 370 kOe, 1300 kOe, for i = a,b,c, respectively. The high 
values of k indicate that the SC samples can be described as an extreme 
type II limit. 



4 Spin-Ladder System (M 2 Cu 203 ) 7 (Cu 02 )io 

The spin-ladder compounds (M2Cu203)7(Cu02)io == M14CU24O41 (where 
M = La, Sr, Ca) were initially reported by McCarron et al. [15] and Siegrist et 
al. [12]. These materials were intensively studied using various experimental 
methods. The existence of the spin gaps in both ladder and chain sites was 
confirmed on the base of magnetic measurements [23,46], inelastic neutron 
scattering [47-49], NMR [50-53] and ESR [23]. 

The Sri4Cu2404i is the parent compound for this family of spin-ladders. 
The average valency of Cu ions in the Sri4Cu2404i is +2.25, which means that 
holes are inherently doped. It was shown that the holes only enter the CUO2 
chains [24,46] and that they form there nonmagnetic Cu02 units breaking up 
the chains. The inelastic neutron scattering experiments have shown that the 
residual Cu ions in the chains form the dimers, and that the dimers are formed 
between Cu ions which are separated by 2 and 4 times the distance between 
the nearest-neighbor copper ions [47]. Recently performed inelastic neutron 
scattering experiments on Sri4Cu2404i single crystals [54] have confirmed 
a model which has an interdimer distance of four Cu-Cu distances. The 
NMR experiments have confirmed the neutron studies showing Cu+^ ions in 
dimerized state and Cu+^-like sites [55-57]. 

The substitution of Ca in the Sr place increases the conductivity of 
Sri4_j;Caa;Cu2404i [24,46] although the average Cu valence does not change 
due to the isovalence of the Ca substitution. This is because the Ca doping 
leads to an increase in the chemical pressure inducing efficient transfer of holes 
from the chains to the ladders [46,56,57]. The holes in ladders become mobile 
and could take a part in formation of conditions necessary for an appearance 
of superconductivity [7]. The charge redistribution upon Ca doping has been 
confirmed by optical studies [58]. It follows from these measurements that 
the holes obtain itineracy only when transferred onto the ladders and that 
the electronic properties of the Sri4_3,Caa;Cu2404i system are determined by 
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the holes doped into ladders, while a substantial number of holes localized in 
the chains are dimerized. It has also been established that upon Ca doping, 
the spin gap for the chain is nearly independent of the Ca concentration, but 
the spin gap for the ladder decreases with doping [51]. 

Recently, superconductivity with Tc = 12 K has been found in 

Sro. 4 Ca 13 . 6 Cu 24 O 41 .g 4 under pressure of 3GPa [7]. The application of the 
hydrostatic pressure to this system has an effect similar to Ca substitution, 
increasing the hole transfer from the chains to the ladders [59]. The resistivity 
in this system shows remarkable anisotropy confirming the one-dimensional 
charge transport in the ladders. The electrical resistivity measurements per- 
formed on a single crystal of Sr 2 . 5 Can. 5 Cu 2404 i under high hydrostatic pres- 
sure have shown a dimensional crossover in the charge dynamics from one to 
two suggesting that the superconductivity in the ladder compounds might be 
a phenomenon in a 2D anisotropic electronic system [60]. 

The Hall effect measurements performed on crystals in which supercon- 
ductivity (under pressure) has been observed indicate that the carrier density 
increases with increasing pressure and that localization of hole carriers at low 
temperature is substantially suppressed by applying pressure [61]. Another 
important result has been obtained quite recently [53]. The first measure- 
ments of ^'^0 NMR in undoped and hole doped spin-ladders clearly demon- 
strate the evolution of spin excitations as a function of both temperature and 
hole doping. It has been shown, in particular, the existence of the crossover 
from the spin gap to the paramagnetic regime with increasing of temperat- 
ure. The analysis of the electrical and magnetic anomalies in the spin-ladder 
cuprate Sri 4 _a;Caj:Cu 2404 i leads to the conclusion that the holes in the lad- 
der are paired and localized at low temperatures where almost all copper ions 
in the ladder complete to form spin-singlet pairs [62]. 

5 Conclusions 

We have reviewed the structural, magnetic and transport properties of the 
new family of high-temperature superconductors. It has been shown that the 
superconductivity in this system is determined not only by the hole concen- 
tration but also by the effective hole transfer from the CUO 2 chains to the 
two-leg ladders. The effectiveness of this transfer depends strongly on the 
size of M ions. On the basis of magnetic measurements performed on the 5/7 
system it has been shown that the spin-ladder superconductors should be 
described as an extreme type II limit. 
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Abstract. Randomly oriented columnar defects can efficiently increase and stabil- 
ize the current density in many high-Tc superconductors. Irradiation with 0.8 GeV 
protons induces a prompt fission of heavy constituent nuclei, such as Hg, Tl, Pb, 
and Bi, in the cuprate compounds; then recoiling fragments generate randomly ori- 
ented columnar tracks. This mairkedly enhances the persistent current density J, 
elevates the irreversibility line to higher fields and temperatures, and reduces the 
temporal rate of current decay. The associated crystalline disorder depresses Tc by 
~ 0.1 — IK per 1016 proton/cm^. At optimal proton fluency, J is enhanced by one 
or more orders of magnitude (compared with unirradiated virgin materials) and 
the logarithmic decay rate dln(J)/ dln(t) is diminished. However, we show that 
while these vortex pins greatly reduce thermally activated current decay in the 
highly anisotropic material Bi-2212, significant temperature-independent current 
decay remains, due to quantum tunneling of vortices. An analysis of the thermally- 
induced current decay in a “Maley” framework provides the effective pinning energy 
U{J, T) of irradiated materials, for comparison with the virgin superconductors. The 
influence of quantum decay on this analysis is shown. 



1 Introduction 

For many of the large scale applications envisioned for high-Tc superconduct- 
ors (HTS), the materials must conduct high density currents with minimal 
dissipation, often in the presence of a large magnetic field. This combination 
of current and magnetic field generally produces a Lorentz force that tends 
to drive magnetic flux through the superconductor. However, movement of 
flux lines (vortices) through the effectively viscous medium dissipates energy - 
thus it is imperative that the magnetic flux be immobilized as well as possible. 
More specifically, the motion of vortices comes from a Lorentz-like driving 
force (per unit volume) of the form f = J x B/c, where B = H + AttM is 
the magnetic induction, J the macroscopic current density, and c the speed 
of light. The displacement velocity of the vortices v is usually perpendicular 
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to B, so that there is inside the sample an electric field E = B x v/c, which 
is parallel to J. Consequently, a positive power dissipation P = J ■ E occurs 
unless V (and hence E) vanishes. Therefore, for a loss-free supercurrent to 
exist, the vortices must be anchored or “pinned” in the crystal. This anchoring 
is best achieved by creating defects of optimal morphology in the material [1], 
with columnar defects providing nearly optimal pinning of vortices [2]. In the 
first studies, the defects were formed by irradiation with heavy ions. The ions 
transfer considerable energy to the electronic system and thereby amorphize 
the material along the path of the ion. Typically the tracks are long, ~ 10 p.m 
or more, have a diameter of 5-10 nm, and are nominally straight and par- 
allel. Unfortunately, heavy ions generally have a limited range in matter of 
a few tens of pm’s, so forming columnar defects through protective cladding 
or thick conductors is difficult. 

An alternative method [3] for forming columnar tracks uses 0.8 GeV pro- 
tons, which are very penetrating. These ions have a range of ~ 0.6 meters in 
a high-Tc material. In this process, an incident proton is absorbed by a heavy 
nucleus such as Bi, Hg, Tl, Pb,. . . , which are natural constituents of most 
(but not all) families of the highest-Tc superconductors. In these high-Z nuc- 
lei, the cross-section [4] o-f ~ 100 mb for prompt fission is moderately large; 
(Tf increases approximately exponentially with the quantity Z^/A, where Z is 
the atomic number and A is the atomic mass. Thus none of the components 
of YBaCuO (or the rare-earth-based counterparts) are directly suitable for 
this process. When absorbed by a heavy nucleus, the energetic proton first 
causes spallation of several nucleons, then the highly excited nucleus fissions 
into two fragments with approximately half of the mass and charge of the 
parent nucleus and energy of ~ 100 MeV. The recoiling fragment generates 
a columnar track deep within bulk material. As the fission process is nom- 
inally random in direction, the tracks are randomly distributed in angle, i.e. 
they are strongly splayed. Previously we have shown transmission electron mi- 
crographs of the resulting defect morphology [5] . Here we survey results from 
applying this methodology in several high-Tc families, including Bi-2212/Ag 
tapes [6,7] and other HTS materials [8], including a series of Hg-cuprates [9]. 

2 Experimental Aspects 

Materials investigated include c-axis-oriented Bi-2212/Ag tapes [10], bulk 
polycrystalline [11] (TlPb)(SrBa) 2 Ca 2 Cu 30 a,; and epitaxial [12], high-Jc Hg- 
1223 thin films of HgBa 2 Ca 2 Cu 30 x (0.4 p.m thick). With a thin film, an 
“amplifier foil” of heavy metal (Pb or Au) was sometimes placed in front of 
it to increase the areal density of columnar defects. For the Hg-1223 films, 
a 40 pm foil of Pb was used; fragments from fission of Au or Pb escape from 
the last 2-3 pm of foil and create additional splayed defects in the film. This 
produces a greater density of defects in the film for a given proton fiuency. 
Characterization methods include magnetic studies using a SQUID-based 
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magnetometer (Quantum Design MPMS-7) and some dc transport measure- 
ments. Precharacterized samples were irradiated in air at the WNR facility at 
LANSCE (Los Alamos Neutron Science Center) using 0.8 GeV protons. The 
ion fluency, with a typical beam density of < 1 pA/cm^, was obtained both 
from the integrated beam current and activation of A1 dosimetry foils. The 
volume density of fission events is #p erf (N/V), where §p is the proton flu- 
ency; CTf is the fission cross-section; N/V is the number density of fissionable 
nuclei. For comparison with the vortex density, it is convenient to reexpress 
this as an areal density of columnar defects, in units of flux density, . Thus 
we estimate 

^pafiN/V)ecpo, ( 1 ) 

where ipo is the flux quantum and £ is either the track length in bulk material 
(~ 7 pm), the escape depth from an amplifier foil (~ 3 pm), or the thickness 
of a thin film without amplifier foil. 



3 Influence on Tc 

The columnar defects are amorphized regions in the material and this de- 
presses somewhat the overall order parameter of the superconductor. Thus 
the transition temperature Tc is progressively reduced, as shown in Fig. 1 for 
polycrystalline Hg-1223 materials and textured Bi-2212/Ag tapes. In each 
case, the Tc decreases approximately linearly with proton fluency , but 
at markedly different rates. Both features can be understood qualitatively, 
if one assumes that the decrease ATc is proportional to the number density 
of fission events that damage the superconductor. Then the rate - ATc/A$p 
should be higher for Bi-2212 than for Hg-1223, as the density {N/V) is larger 
with two (rather than one) fissionable nucleus per unit cell. Furthermore, the 
cross-section oy for Bi is significantly larger than for Hg. Offsetting these 
differences is the fact that the creation rate for columnar defects increases 
with the same factors. To zero-th order, then, the depression in Tc is pro- 
portional to the matching field B$ (assuming that other factors such as the 
recoil energy and I do not change significantly). 

4 Enhancements in Current Density J 

To illustrate the benefits of the randomly oriented columnar defects. Fig. 2 
shows the transport current density Jc measured in a thin film 'of textured Tl- 
1223 superconductor that was deposited on polycrystalline yttria-stabilized 
zirconia. Results are shown as a function of magnetic field H || c-axis 
for the same film, prior to irradiation (virgin) and after irradiation with 
2 X 10^6protons/cm^. This produced a density of defects w 0.1 T; no 
amplifier foil was used. The critical current density was defined with the 
standard criterion of 1 pV /cm. As is evident, Jc increased markedly, with 
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Fig. 1. The transition temperature Tc for Bi-2212 and Hg-1223 superconductors, 
irradiated with 0.8 GeV protons 



much of the increase occurring at fields exceeding the nominal defect density 

Bip . 

Let us next consider a bulk superconductor, in the form of polycrys- 
talline (TlPb)(SrBa) 2 Ca 2 Cu 30 a; . This material was irradiated with 5.5 x 
10^® p/cm^, forming columnar defects with a matching field Bp « 0.7T. This 
fluency depressed the Tc by 1.7 K from the value of 117 K for the unirradi- 
ated (virgin) material. The defect density lies somewhat below, but near the 
optimal value for enhancing Jc , as discussed below. Figure 3 compares the 
magnetization M{H) of the virgin and irradiated materials at T = 100 K. 
Irradiation-induced defects have clearly increased the magnetic hysteresis 
AM\ as represented by the vertical arrow in the figure, this is the difference 
in M between the lower (increasing H) and upper (decreasing H) branches of 
the hysteresis curve. In the Bean critical state model [13], AM is directly pro- 
portional to the circulating persistent current density J = 15AM/r, where 
r is the radius of a cylindrical sample. With this polycrystalline material, r 
is mean grain radius of ~ 4 pm. (For other configurations of materials, we 
set r = a/2 ~ 0.15 cm for the roughly square thin films with edge length a; 
for the Bi-2212/Ag tapes, r = platelet size ~ 100 pm). Thus the increased 
hysteresis AM is direct evidence for a substantially increased intra-granular 
current density J. In the present case, the critical state model gives that 
at if = IT, the irradiated material has J = 1 x lO^A/cm^, while it is 
immeasurably small (< 500A/cm^) in the virgin superconductor. This also 
means that the irreversibility line (IL) is pushed upward by the ran- 

dom columnar defects. The result for this material is noteworthy, as the IL 
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H(T) 



Fig. 2. Transport critical current density Jc versus magnetic field H, applied 
perpendicular to the plane of a textured film of Tl-1223 deposited on a poly- 
crystalline YSZ substrate. The film was irradiated, with no “amplifier foil”, with 
#p = 2 X 10^® H/cm^, giving B « 0.1 T 



in (TlPb)(SrBa) 2 Ca 2 Cu 30 x is already higher than those obtained for either 
the isomorphic parent compound Tl-1223 or Tl(BaSr)-1223 [11]. Increases of 
the IL expand the useful H — T region for potential applications. 

Doping a material with columnar defects destroys the superconductiv- 
ity locally, leading to vortex pinning. Qualitatively, a greater density of pins 
might be expected to support an even higher J. However, more defects also 
depress the overall order parameter and Tc , as noted above. Also, once there 
are enough defects to pin all the vortices {B^ > B), the addition of more 
columnar tracks may even promote depinning, due to the proximity of nearby 
potential wells. Thus the optimization of fluency and pin density can depend 
on the range of magnetic held and temperature under consideration. To il- 
lustrate some of these features. Fig. 4 shows the dependence of J on proton 
fluency (i.e. defect density) for the series of (TlPb)(SrBa) 2 Ca 2 Cu 30 a; ma- 
terials at temperatures of 70 — 100 K, for B = IT. The addition of defects 
causes a rapid initial increase in J, followed by a broad maximum. At still 
higher fluencies, the persistent current density is expected to decrease for the 
reasons cited. 

The next family to consider is the group of Hg-cuprate superconductors. 
For a different morphology, let us consider an epitaxial film of Hg-1223. The 
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Fig. 3. Magnetization M versus field H for polycrystalline 
(TlPb)(SrBa) 2 Ca 2 Cu 30 i superconductor at T = 100 K, before {solid line) 
and after {discrete symbols) irradiation with 5.5 x 10^®/cm^ protons of 0.8 GeV 
energy. The increased width of the hysteresis loop AM (represented by the vertical 
double arrow) shows that the persistent current density increased significantly in 
the material 



film of 0.4 |j.m thickness was irradiated through a 40 |jm Pb foil with a flu- 
ency of 1.7 X 10^®p/cm^, giving w 0.4 T. Figure 5 shows the persistent 
current density J versus H at temperatures of 40 and 60 K, for a virgin film 
(open symbols; Tc = 126.5 K) and the same film irradiated (filled symbols; 
Tc = 118 K). In the virgin film, J falls off quickly and quasi-exponentially 
with field, due to very fast thermally activated flux creep. After irradiation, J 
is markedly increased (except at low fields) and exhibits increases by factors of 
10-100 or even more near the virgin IL. The addition of defects reduced both 
the flux creep and the held dependence of J. In other studies of bulk Hg- 
based cuprate superconductors that were irradiated with 0.8 GeV protons, 
transmission electron microscopy revealed the presence of randomly oriented 
columnar defects with the expected number density. Corresponding studies 
with other defect morphologies, collision cascades from fast neutron irradi- 
ation [14] or point-like defects produced by MeV proton irradiations [15], 
show considerably smaller enhancements of the magnetic hysteresis AM and 
J. These comparisons give experimental evidence that these extended defects 
- randomly distributed fission-generated tracks - provide qualitatively better 
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Fig. 4. The dependence of J on fluency of 0.8 GeV protons, for 
(TlPb)(SrBa) 2 Ca 2 Cu 30 x at 80 K in an applied field = IT. At the highest 

fluency (where the matching field « 0.7 T), the current density is near its 
maximum 



vortex pinning, particularly at elevated temperatures and in large magnetic 
fields. 

The Hg-cuprate family of superconductors is scientifically interesting [16], 
in that the structure is tetragonal and the first three members are synthes- 
ized relatively easily, all with high Tc’s. The superconductive anisotropy 7 
increases significantly as the number of adjacent CuO layers increases. The 
effect of anisotropy is to reduce the in-plane component of magnetic field H 
that is applied at some arbitrary angle, while leaving the normal component 
unaffected [17]; the rescaled field is shifted toward the c-axis. Qualitatively, 
the angularly dispersed columnar defects are similarly refocused, creating 
a narrowed cone of angles, and the extent of rescaling increases as 7 in- 
creases. Thus a comparative study [18] of Hg-1201, Hg-1212, and Hg-1223 
polycrystalline materials showed that high anisotropy effectively recreated 
an approximately parallel array of columnar defects in Hg-1223. Evidence 
for this rescaling came from studies of the vortex dynamics, which revealed 
“variable range hopping” of vortices, similar to the VRH dynamics observed 
with parallel columns in YBa2Cu3 07_5 crystals. In both materials, there is 
an easy movement of flux lines that causes a rapid, thermally activated decay 
of J, until some other mechanism stabilizes the system of vortices. 
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Fig. 5. The persistent current density J versus magnetic field H for a Hg-1223 film 
(a) at 40 K and (b) at 60 K. The film wcis irradiated with 1.7 x 10^® p/cm^ through 
an amplifier foil of 40 p.m Pb 



5 Thermal and Quantum Tunneling of Vortices 
in Bi-2212 

To illustrate more quantitatively the enhancement of vortex pinning, we next 
discuss Bi-2212 synthesized with its c-axis perpendicular to a silver substrate. 
The tapes with 3.4 pm of superconductor were irradiated, with no amplifier 
foil, to a maximum fluency of 5 x 10^® protons/cm^, giving w 1.4 T. In 
addition to conventional hysteresis loops M{H), we measured the decay of 
M and J with time t at fixed fields. An example is shown in Fig. 6, which 
traces the decay of current during 75 minutes of continual measurements. 
Qualitatively, the length of the trace at each temperature represents the frac- 
tional decay of J. This is quantified by determining the normalized decay rate 
S = — dln(J)/ dln(t). Results for S are shown in the inset of Fig. 6 for this 
sample and, for comparison, the corresponding measurements for an unirra- 
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dialed portion of the tape. It is clear that the addition of columnar defects 
greatly reduced the thermally activated depinning of vortices. Interestingly, 
there remains a significant rate of nominally T-independent decay [19] in the 
region below ~ lOK. This arises from quantum tunneling of vortices between 
pinning sites [20]; experimentally, the phenomenon is more pronounced in 
lower fields and with higher defect densities where B <g; in the case 
shown here, we have B = Note, too, that extrapolating the roughly lin- 
ear S{T) for the virgin sample to T = 0 gives a quantum tunneling rate 5q 
that is similar in magnitude to that observed with columnar defects. 




Fig. 6. Measurements of current J during a time period of 75 minutes at temper- 
atures T. The vertical arrays of points trace the decay of J with time; the magnetic 
field ly = 0.5 T was applied perpendicular to the plane of the textured Bi-2212/Ag 
tape. Inset: the corresponding normalized decay rate S for this sample {closed sym- 
bols) and for an unirradiated portion of the same tape {open symbols) 



The time dependent data contain further information. Indeed, these “flux 
creep” experiments are analogous to measurements of the intragrain current 
density J versus electric field E, but with electric fields that are much smaller 
than typical in transport studies. A useful method for obtaining the effective 
vortex pinning energy U{J,T) in the presence of thermally activated flux 
creep was devised by Maley et al. [21]. The procedure is based on the master 
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rate equation [22] 



dJ/ dt = —— exp 
r 



ujj,Ty 

T 



(2) 



Here r is the elementary attempt time for vortex hopping and U {J, T) (ex- 
pressed in units of Kelvin) corresponds to the instantaneous current J meas- 
ured at time t. Inverting (2) provides U from the experimental data, by 
adjusting the remaining unknown ln(Jc/r) so as to form a continuous curve. 
This procedure is well established for piecing together the thermal decay at 
different T’s, but there is no provision for non-thermal decay processes. Ap- 
plying this construction to the data in the range T — 10 - 30 K gives the 
results shown in Fig. 7. In this range, the fundamental superconductive para- 
meters vary little and the factor ln(Jc/r) can be taken as constant. The 3D 
figure shows the explicit dependence on T as well as J. The usual presentation 
of U only as a function of J is shown in the projection of the data onto the 
U — J plane. As the Maley analysis includes solely thermally activated creep, 
we exclude from consideration the low temperature data with pronounced 
quantum creep, when fixing the factor ln(Jc/r). Quantum tunneling affects 
the Maley analysis and leads to the discontinuities in U ( J) observed at low 
temperatures and high currents; in effect, the J is smaller than it should be, 
based only on thermally activated decay. Quantum creep substantially re- 
duces the observed current density at low temperatures, compared with the 
values that would be attained in its absence. 



6 Conclusions 

We have demonstrated that deeply penetrating 0.8 GeV protons can create 
columnar defects via a fission process, and have shown that they enhance the 
properties of T1-, Hg- and Bi-based cuprate superconductors. A Pb amplifier 
foil increases the defect density in thin films. Finally, an analysis of the decay 
rate of the current density quantifies the increase of pinning energy upon 
irradiation of oriented Bi-2212 tapes and shows that quantum creep effects 
are significant and persist to surprisingly high temperatures. 
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material as in Fig. 6), deduced using the construction of Maley 
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Bose-Einstein to BCS Crossover as a Model 
for High-Tc Cuprate Superconductors 



Y. J. Uemura 

Physics Department, Columbia University, New York, NY 10027, USA 



Abstract. Crossover from Bose-Einstein (BE) to BCS condensation can be a guid- 
ing principle in understanding the evolution of high-Tc cuprate superconductors as 
a function of carrier doping. This picture is developed by combining two experi- 
mental results: (1) the “universal correlations” between Tc and jis/m* (supercon- 
ducting carrier density / effective mass) found in |i.SR measurements of the mag- 
netic field penetration depth A and (2) the “pseudo gap” behavior observed in NMR, 
neutron scattering, dc- and optical conductivity, specific heat, and most-recently in 
angle-resolved photo-emission (ARPES) measurements. Here we provide a critical 
review of these experimental results and the relevant theoretical work in order to 
elucidate the essential features of this crossover picture and to discuss condensation 
mechanisms in the cuprates. 



1 Introduction 

Superconductivity and superfluidity are representative macroscopic quantum 
phenomena. Superfluidity of liquid ‘‘He is understood to be a result of Bose- 
Einstein (BE) condensation of He atoms with a macroscopic number of them 
occupying the zero-momentum state below Tc [1]. In this case the condensing 
bosons (^He) exist even at temperatures much higher than Tc . Supercon- 
ductivity in conventional metals (Al, Sn, etc.) is explained by the Bardeen- 
Cooper-Schrieffer (BCS) theory [2] which assumes: (1) formation of a Cooper 
pair (i.e. condensing boson) from 2 fermion charge carriers, and (2) condens- 
ation of Cooper pairs into zero-momentum state, with (1) and (2) occurring 
at the same temperature Tc . Although these two condensation phenomena 
share some fundamental aspects in common, they are apparently quite differ- 
ent, not only in whether the condensing bosons are formed at T » Tc or at 
T — Tc, but also in spatial extent/overlap of these bosons. ^He is very com- 
pact and only weakly overlapping, while thousands of Cooper pairs overlap 
with each other in conventional BCS superconductors. 

A short coherence length ^ (or equivalently a high upper critical field Hc 2 ) 
of high-Tc cuprate superconductors has been noted, following the discovery of 
the cuprates [3], as a major characteristic feature. The inferred small size (10- 
30 A) of the superconducting pairs in real space has stimulated development 
of models of high-Tc superconductors based on Bose-Einstein (BE) condens- 
ation [4]. On the other hand, BE condensation has apparent difficulties as 
a theory for cuprates, at least in its simplest form for non-interacting local bo- 
sons: the condensation temperature Tb estimated from the doped hole density 



J. Klamut et al. (Eds.): LNP 545, pp. 193-210, 2000. 
© Springer-Verlag Berlin Heidelberg 2000 




194 



Y. J. Uemura 



and the effective mass m* becomes 4-5 times larger than the observed trans- 
ition temperature Tc , and some results for specimens in the “optimally doped” 
region look more compatible with conventional BCS condensation. Since the 
highly successful BCS theory [2] has been widely regarded as a concept in 
opposition to BE condensation, there has been a tendency to develop theories 
adopting either of these two condensation mechanisms while discarding the 
other. 

In this article, we show that a crossover from BE to BCS condensation 
with smooth interpolation provides a more successful account for high-Tc 
cuprate systems. This crossover picture is inferred from two experimental 
observations: (1) the “universal correlations” between Tc and ng/m* (super- 
conducting carrier density / effective mass) found in muon spin relaxation 
(p-SR) measurements of the magnetic field penetration depth A, and (2) the 
“pseudo gap” behavior found in the underdoped region of cuprate systems 
by various experimental techniques. The accumulation of these experimental 
studies has turned the crossover phenomena from a subject of purely form- 
alistic interest into an actual possibility. After reviewing these experimental 
results, we discuss the historical and theoretical background of the crossover 
picture, its relevance to phase fiuctuations/coherence of the order parameter, 
the criterion which characterizes the “crossover region”. 

2 Penetration Depth and Universal Correlations 

The magnetic field penetration depth A is one of the most fundamental para- 
meters of superconductivity. The London equation leads to a simple relation 

1 _ AtTUsC^ 

A2 m*c2 ’ ^ ^ 

which implies that the screening of an external field is due to a supercurrent, 
whose density is represented by n^/m* . It is important to recognize that the 
superconducting carrier density Ug here corresponds to the (effective) density 
of all the charge carriers, different from the population nmod of <5 = 0 Cooper 
pairs, defined as fermions in the modified density of states near the Fermi 
energy. In weak-coupling BCS superconductors, nmod is a fraction of rig: 
nmod ~ X ^/ef) where A is the energy gap and Ep the (effective) Fermi 
energy. To confirm the relationship between A and Ug, one can substitute the 
known carrier densities and effective masses for simple metals, such as Al, and 
compare with observed values of A. The situation realized in superconductors, 
with all the charge carriers participating in the superfluid at T = 0 but only 
a fraction of them (~ rimod) are in the actual Q = 0 pairs, is somewhat 
analogous to the case of superfluid ^He in which 100% of the atoms form the 
superfluid but only about 10% of them are in the Q = 0 state [4], due to the 
overlap and interaction between bosons. 

Muon spin relaxation (p-SR) [5,6] is a powerful method for measuring both 
the absolute value and the temperature dependence of the penetration depth 
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A of type-II superconductors. The muon spin relaxation rate a is propor- 
tional to the width AH of the inhomogeneous internal magnetic field, and 
consequently to 1/A^ below [7,8]. Since high-Tc cuprate superconductors 
fall in the clean limit where the mean free path I is much longer than the co- 
herence length a small correction factor [1-1-4//]“^, to be included in (1), be- 
comes close to unity. This leads to the simple relation a oc oc Us/m*. For 
highly-anisotropic cuprate superconductors, the relaxation rate <j observed 
in ceramic specimens selectively reflects the in-plane penetration depth Aab 
[9] and the in-plane effective mass m*;,. Although a is proportional to the 
3-dimensional (3-d) carrier density Ug even in a quasi 2-d system, Ug can be 
converted into a 2-d carrier density ns2d on the Cu02 planes by multiplying 
Ug and Cint, the average distance between conducting planes. 

Application of the p.SR technique for measuring the penetration depth 
of the cuprates started [10-12] in early 1987. To study the doping depend- 
ence of Tc , we initially plotted Tc versus the low temperature relaxation rate 
cr{T — > 0) oc ng/m* for specimens of four different cuprate systems [13]. Sub- 
sequently, we accumulated results from many other specimens and demon- 
strated [14] the existence of the “universal” correlations between Tc and a, 
followed by cuprates made with various different methods of doping, as well 
as having different crystal structures with single (214), double (123 and 2212) 
and triple (2223) Cu02 planes. As shown in Fig. 1, Tc increases with initial 
doping of carriers following the linear relationship, whose slope is common to 
most of the cuprates, in the underdoped region. With further carrier doping 
Tc shows a saturation around the optimum doping region, followed by a sup- 
pression in the weakly overdoped region. These results were well reproduced 
by subsequent pSR results from various groups [15-18], while the saturation 
seen at Tc = 90 K for the 123 systems has been shown to be caused by the 
effect of the CuO chain [18,19]. 

Since all the cuprate systems shown in Fig. 1 have an average interplanar 
distance Ci„t ~ fiA, the horizontal axis of this figure can be regarded as 
proportional to ns2d/»ria6- Note that this quantity is proportional to the 2-d 
Fermi energy Cp = {h‘^T:)n 2 d/m* of a non-interacting electron gas. The linear 
relation between Tc and a in the underdoped region is not compatible with 
the weak-coupling BCS model, in which Tc depends only weakly on carrier 
concentration through the density of states at the Fermi level. Instead, we 
suggested [14] that the linear relation implies Tc oc Sp, which is expected 
when the energy scale tiw^ of exchange bosons is comparable to or larger 
than £p , i.e. when the pair-mediating interaction is non-retarded (we shall 
come back to this point later). 

Subsequent pSR measurements in organic BEDT, doped Ceo , Chevrel 
phase, (Ba,K)Bi03 (BKBO) and heavy-fermion superconductors [20,21] yiel- 
ded points in Fig. 1 lying rather close to the linear relationship found for the 
cuprates. These new “exotic” type-II superconductors have various features 
in common, such as short coherence length strongly-correlated electronic 
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Fig. 1. A plot of the muon spin relaxation rate a{T 0) oc ns/m* versus Tc . {Open 
symbols are from [14]; dosed circles from [17], H symbols from [16]; BKB, BEDT, 
Chevrel, UPts and UBeis from [20] and references therein; and XaCeo from [21]) 



structures, closeness to magnetic and/or structural phase instability, etc. The 
implications of Fig. 1 become clearer if we convert the horizontal axis into an 
effective Fermi temperature Tp, which can be directly done for 2-d systems 
as mentioned above. For 3-d systems, we can combine a oc ns/m* with the 
Sommerfeld constant 7 oc nl^^m* to obtain 



ICbTf = 






m’ 






The obtained value of Tp represents an average energy scale of superconduct- 
ing carriers for translational motion (in a sense similar to the Drude spectral 
weight of optical conductivity), but not necessarily the actual Fermi tem- 
perature in its strict definition [22], especially in strongly-correlated electron 
systems having a complicated density of states. Note that, in principle, Tp 
can be obtained even for an ideal Bose gas in this procedure. 

Figure 2 shows the resulting plot of 7/ versus Tp [20]. We find that the 
cuprates and other exotic superconductors have a rather high Tc normalized 
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by Tp, with Tc/Tp ~ 0.01 — 0.1, in contrast to the case of conventional BCS 
superconductors, with Tc/Tp <C 0.01. The BE condensation temperature Tb 
for an ideal non-interacting Bose gas, calculated for a given density ris/2 and 
mass 2m* of the carriers, is shown by the broken line in Fig. 2. Compared to 
Tb , the transition temperatures of underdoped cuprates and BEDT systems 
are reduced only by a factor of 4 ~ 5, suggesting closeness of these systems to 
the BE limit. Moreover, the points from cuprates lying parallel to Tq suggest 
that the universal linear relationship Tc oc ns 2 d/^* in the cuprates can now 
be viewed as Tc oc Tb, i.e. Tc of the underdoped cuprates may be determined 
by BE condensation. This picture also gives a natural explanation for the 
“universal” behavior of Tc, since the BE condensation temperature is essen- 
tially determined by the density of bosons and the boson mass, regardless of 
the microscopic interaction / mechanisms for the pair (boson) formation. 

Figure 2 provides an empirical way of classifying various superconductors 
in terms of energy scales between two limiting cases: BE condensation for 
a non-interacting Bose gas (Tc = Tb ~ Tp/4) and weak-coupling BCS con- 
densation (Tc/Tp C 0.01). In [20], we stressed the importance of formulating 
theories which interpolate between these two limits to account for high-Tc 
superconductivity. The 4-5 times reduction of Tc from Tb in cuprates is 
the feature discussed in the Introduction as a difficulty of the BE model. 
Such a reduction is, however, not unexpected in a system with overlapping 
carriers and strong interactions, since even the lambda transition of ^He is 
reduced from Te=3.2Kto2.2K due to the effect of finite particle size and 
inter-particle interaction. Note that about 2 to 6 pairs exist (i.e. overlap) in 
the coherence area on the conducting plane of cuprates and organic BEDT 
superconductors [23]. Pistolesi and Strinati [24] discussed an implication of 
Fig. 2 in a length-scale argument with respect to 

Dimensionality is another important factor. Theoretically, BE condens- 
ation does not occur in purely 2-d systems. A small interplanar coupling 
will actually be sufficient to achieve BE condensation [25], but with a some- 
what reduced Tc , in a way analogous to low-dimensional magnetic systems 
in which the ordering temperature is reduced from the energy scale of the 
mean-field exchange interaction. Consequently, a comparison of 2-d and 3-d 
superconductors is a non-trivial matter. We believe that the calculation of 
Tp used to obtain Fig. 2 is one of the least prejudiced ways in such a com- 
parison. The impressive overlap of the points seen in Fig. 2 for 2-d systems 
(cuprates and BEDT) and some 3-d systems might be accidental, but may 
indicate that there is an intrinsic upper limit of Tc/Tp common to 2-d and 
3-d superconductors. 

3 Pseudo Gaps 

Since 1989, the existence of a low-energy “spin gap” in underdoped materials 
has been noticed first in NMR [26-30] as the increase of 1/TiT and the Knight 
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Fig. 2. A plot of the effective Fermi temperature Tp versus Tc in various supercon- 
ductors (from [20,21]). The broken line shows the BE condensation temperature Tb 
calculated for a non-interacting hard-core Bose gas with density ns/2 and mass 
2m* . Fermi temperatures for Sn, A1 and Zn are from known values 



shift above Tc; and subsequently in neutron scattering [31,32] as a missing 
inelastic scattering intensity below a characteristic energy scale ~kT*. With 
increasing temperature, the effect of the spin gap gradually disappears around 
the pseudo-gap temperature T* . This feature indicates a formation of singlet 
spin correlations below T*, with a certain (gap) energy required to dissociate 
the correlation. As shown in Fig. 3, T* is significantly higher than Tc in 
the underdoped region, but decreases with increasing doping, approaching 
Tc near the “optimum doping” region. The pseudo gap behavior in NMR 
is replaced by a standard Korringa behavior above Tc in the optimum and 
overdoped regions. 
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Fig. 3. The pseudo gap energy scale T* obtained in the 123 and 2212 cuprate sys- 
tems from various techniques. The NMR result for y = 6.63 is from Ref. [28], while 
the three other NMR results are for Y(Bai-iLai;) 2 Cu 30 i from [30] plotted against 
the corresponding planar hole density of the 123 system. The NMR results represent 
the temperature at which 1/TiT departs from a constant in the case of oxygen NMR 
and from the 1 /T Curie behavior in the case of Cu NMR (for which the relaxation 
time Ti is affected by the antiferromagnetic spin fluctuations). Symbols pc and pab 
represent the temperature at which the c-axis and a6-plane resistivity, respectively, 
deviate from the linear-T behavior at higher temperatures in single crystals of 123 
systems (from [34]). The ARPES results from [41] in underdoped Bi2212 systems 
are plotted against the corresponding doping level of the 123 systems 



The next important observation comes from the dc-conductivity in single 
crystals. In 1991, Ito et al. [33] reported that the c-axis conductivity of effect- 
ively underdoped cuprate systems exhibits semiconducting/insulating beha- 
vior below a temperature that is well above Tc. This suggests that some “gap” 
also exists in the c-axis charge transport. In an optimally-doped 123 system, 
this “gap”-like behavior disappears, and the c-axis conductivity recovers a T- 
linear behavior above Tc , as demonstrated in Fig. 4. This feature has been 
confirmed in subsequent work with various single crystal specimens [34]. In 
1993, Homes et al. [35] demonstrated the existence of this gap in c-axis con- 
duction more directly by measurements of the ac- (or optical) conductivity. 

By 1992, a corresponding anomaly was also found [36] in the a6-plane 
conductivity, as a reduction of resistivity and a departure from the T-linear 
behavior below T*, as if the formation of the “gap” above Tc would reduce 
the scattering of charge carriers on the plane. These conductivity studies 
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Fig. 4 . The resistivity along the c-axis and ab-plane observed in fully oxygenated 
and moderately underdoped single crystals of YBa2Cu307_y (from [ 33 ]) 



demonstrated that the “gap” first noticed in spin phenomena now appears 
in transport phenomena. The energy scale T* of this gap estimated by spin 
probes (NMR, susceptibility, neutrons) agrees rather well with that estimated 
by charge probes (dc- and ac-conductivity, and Hall effect), as discussed in 
[37,38] and as demonstrated in Fig. 3. This indicates that charge and spin gaps 
are manifestations of the same phenomenon. In specific heat measurements 
[39], a large amount of entropy release was found in the underdoped region 
above Tc . All these measurements indicate the formation of some singlet cor- 
relations with a binding energy (reminiscent of the pair formation), occurring 
in the normal state above Tc in the underdoped region. This phenomenon is 
now commonly referred to as a “pseudo gap”. 



Most recently, in 1996, angle-resolved photo-emission (ARPES) measure- 
ments of underdoped Bi2212 systems, performed independently by the Stan- 
ford [40] and Argonne [41] groups, have demonstrated that the pseudo gap 
can be observed in momentum space, with a profile close to that of the super- 
conducting gap observed in an optimally-doped system. This feature strongly 
suggests that the pseudo gap in the underdoped region evolves smoothly from 
the superconducting gap in the optimally-doped and overdoped region. 
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4 BE-BCS Crossover Picture for Cuprates 



Let us now consider a simple model in which an attractive interaction between 
carriers is mediated by an exchange boson having an energy scale hu>B, and let 
us sketch the expected doping dependence by varying carrier concentration. 
In the dilute limit, pairs will form at a high temperature corresponding to the 
effective binding energy, and then these bosons will undergo BE condensation 
at a much lower temperature. The condensation temperature will follow 
the behavior of Tb in the low-density region. In the high-density limit where 
many carriers are overlapping, we would expect the BCS-like behavior for 
a simple metal, with both pair formation and condensation occurring at the 
same temperature Tc ■ in this region is expected to be rather low. If we as- 
sume that these two regions connect smoothly, we obtain the phase diagram 
shown in Fig. 5(a). The low-density side is characterized by the BE condens- 
ation of rather local and “pre-formed” pairs, while the pair-formation and 
condensation line should merge near the crossover region. The high-density 
side would connect to a typical BCS behavior in momentum space. The cros- 
sover will take place at a carrier concentration for which the effective Fermi 
energy kTp becomes comparable to the exchange-boson energy scale tuve ■ In 
other words, the crossover region separates a non-retarded interaction in the 
low-density side from a retarded interaction in the high-density side. 

This picture can be naturally adopted for the cuprate systems if we 
identify the pseudo gap as a signature of the “pre-formed” pairs in the normal 
state and recognize that the “universal correlations” in the penetration depth 
results represent Tc a Tb in the underdoped region. The insulating behavior 
(above Tc) of the c-axis transport below T* can be understood if one assumes 
that a carrier pair with charge 2e has a much smaller probability of tun- 
nelling/hopping between conducting planes than does an unpaired fermion 
carrier with charge e. Since the pair formation/dissociation is an activation 
process, the c-axis conductivity below T* will be determined primarily by the 
population of remaining unpaired carriers, following an Arrhenius behavior. 

In several conferences since 1993 [42-44], the present author has proposed 
this BE-BCS crossover picture for the cuprates (Fig. 5(a)). The expected 
behavior of the energy gap in this picture is sketched in Fig. 5(b). The real 
gap in the BCS region connects to the pseudo gap in the low-density region 
and finally becomes the binding energy of a local pair in the dilute limit. 
Due to the gap formation (i.e. pairing) at T*, Tb in the BE condensation 
region is not associated with a gap opening. Various properties, including 
the gap, should evolve smoothly in this crossover. Since most underdoped 
cuprate specimens lie rather close to the crossover region, we expect that 
the pairs will have substantially non-local features and that the pseudo gap 
will exhibit a momentum dependence similar to that of the real gap in the 
optimally-doped or overdoped regions, as was observed in photo-emission 
results [40,41]. 
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Fig. 5. The doping dependence of (a) the pair formation temperature T*, and the 
condensation temperature % , and (b) the pseudo and real energy gaps, expected 
for a smooth crossover from Bose-Einstein to BCS condensation (from [43,44]) 



5 Theoretical Developments 

Theoretically, there has been a stream of papers related to the concept of BE- 
BCS crossover. Although the condensation in BCS theory involves the BE 
condensation of Cooper pairs, occurring at the same temperature at which 
these pairs are formed, it has been widely considered that BCS and BE 
condensations are somewhat mutually exclusive concepts. Since BCS theory 
achieved remarkable success in explaining the superconductivity of simple 
metals and alloys, and since no superconducting system had been found to 
require a drastically non-BCS description until rather recently, the crossover 
from BCS to BE condensation was studied mainly for the superfluidity of 
^He and/or excitons until the mid l980’s. The only exception was a 1969 
paper by Eagles [45], who considered a possibility of this crossover in su- 
perconducting doped SrTiOs systems. Pioneering works of Legett [46] and 
of Nozibres and Shmitt-Rink [47] showed that the BE-BCS crossover should 
occur “smoothly”, when the coupling strength is varied. The negative-f/ Hub- 
bard model provided a lattice approach to the crossover problem, although 
here Tc does not follow the continuum results in the strong-attraction limit 
due to the increasing effective mass of moving carriers pairs to adjacent site: 
Micnas, Raninger and Robaszkiewicz [48] published a detailed review article, 
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including these theories and a survey of existing superconductors possibly 
related to an effective local attraction. Most of the progress in the theory 
of BE-BCS crossover was reviewed in a 1993 conference article by Randeria 
[49]. Lee and collaborators [50], as well as Ranninger [51], worked on the- 
ories of coexisting bosons and fermions, while many other authors [52-60] 
contributed to theoretical descriptions related to the BE-BCS crossover. 

Soon after the discovery [1] of cuprate systems, the connection of BE 
condensation to high-Tc superconductivity was suggested by Mott and other 
scientists [61], based on the short coherence length. Initially, such theories 
claimed that the entire doping region should be described by a local-pair 
BE condensation. A 1992 paper of Randeria et al. [59] was one of the first 
to connect the BE-BCS crossover concept to the spin gap in the under- 
doped cuprates observed in NMR studies. The connection of the penetra- 
tion depth and c-axis dc-conductivity results to the crossover picture was 
subsequently made in [43-44]. Prom a somewhat different perspective, by 
considering universality-classes for critical behavior, Schneider and Keller 
[62] found that the results for cuprates are consistent with a 3d-AP model, 
thereby reinforcing the picture that the condensation of cuprate systems is 
deeply related to BE condensation. 

Pictures similar to the BE-BCS crossover have also been developed by 
several authors who considered phase fluctuations of the order parameter. 
It has been known for a long time that Tc of superconductors corresponds 
to the point at which the phase of the order parameter achieves long range 
coherence [63]. Doniach and Inui, in their 1990 paper [64], noticed that su- 
perconductivity is taken over by an insulating (i.e. not metallic) state when 
Tc 0 with decreasing carrier concentration in the underdoped cuprates. 
They took this as a signature that pre-formed pairs exist above Tc in the 
underdoped region: localization of these pairs leads to the insulating state in 
the low doping limit. Although their paper was written at a time before the 
pseudo gap had been established by various experimental results, they inter- 
preted susceptibility and NMR results in underdoped cuprates as a signature 
of singlet pair formation, i.e. the formation of the pre-formed pairs, and pre- 
dicted a gapped response in optical conductivity. Using the Ginzburg-Landau 
formalism with a term representing phase fluctuations, they obtained a phase 
diagram which exhibits the pseudo-gap behavior. 

Recently, Emery and Kivelson [65] published another paper regarding the 
phase fluctuation picture. In conventional BCS superconductors, the build- 
up of the amplitude of the order parameter (or equivalently the gap A) de- 
termines Tc, since Tc occurs at a temperature lower than T® where the phase 
fluctuations would destroy the coherence. However, if the mean-field effective 
attraction energy is higher than T® , then it would be the phase fluctuations 
which determine Tc , while the amplitude of the order parameter would re- 
main finite above Tc . To estimate the maximum energy scale for these 
phase fluctuations, Emery and Kivelson calculated the kinetic energy required 
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for spatial phase modulation, leading to ^ where a is a length 

parameter. 

In 2-dimensional systems, substitution of the interplanar distance Cint 
for a makes essentially equivalent to the Kosterlitz-Thouless transition 
temperature Tkt, which is 1/8 of the corresponding 2-d Fermi temperature 
Tp in the limit of strong coupling. In Figure 2, the line for Tkt for 2-d systems 
becomes parallel to that of Tb for 3-d systems with a factor of ~ 2 reduc- 
tion. In 3-d systems, however, Emery and Kivelson adopted the coherence 
length ^ for a, which led to a very high value of ^ and also to an 
apparent difference between 2-d and 3-d systems. As already mentioned, the 
penetration depth A is related to all of the charge carriers, while ^ is the size 
of a Q = 0 Cooper pair. The mixed use of parameters for these two different 
entities in [65] resulted in an overestimate of . Instead, if one uses the 
interparticle distance as a with A“^, one recovers T^ax ~ for 3-d systems 
as well. Then Table 1 of [65] reduces to Fig. 2 of the present article (i.e. Fig. 3 
of [20]). Indeed, it is quite natural for Tb , defined for non-interacting ideal 
bosons, to serve as an upper bound for Tc, since every known effect of fer- 
mion overlapping, interboson interactions, and dimensionality would lower 
the condensation temperature from Tb . In this sense, there is no essential 
difference between the phase fluctuation picture and the BE-BCS crossover 
picture. The BE-BCS crossover picture, however, involves some important 
concepts and interesting consequences that are not directly visible in the 
phase fluctuation picture. 

There exists a stream of thoughts rather different from the BE-BCS 
concept that leads to a similar phase diagram for the cuprates. In 1987, 
Anderson [67] suggested that the electronic states of the cuprates can be 
understood using the concept of a resonating valence bond (RVB), which 
was initially developed to account for geometrically-frustrated spin systems 
[68]. Doping a hole into the RVB environment would create spin (spinon) 
and charge (holon) quasiparticles, which may exist apart from each other 
to some extent, i.e. the spin charge separation. Subsequently, this concept 
was adopted in t — J models and/or gauge field theories [69-70], resulting in 
a phase diagram similar to that of Fig. 5(a). There, the pseudo gap signals 
formation of the gap in the spin degrees of freedom, and thus the beginning 
of the spin-charge separation. The evolution of Tc in the underdoped region 
is explained as a BE condensation of holons. The tendency towards spin- 
charge separation is expected to diminish as the doping progresses (i.e. as 
the system goes away from half filling) , leading to the merger of the spin gap 
and condensation temperatures near the optimum doping region. 

A major difference between this RVB picture and the BE-BCS picture 
can be found in the normal state of underdoped cuprates above Tc but below 
T*: in the former, carriers are charged with single e, while in the latter they 
are charged partly with e and partly with 2e. Spin-charge separation in 1- 
dimensional systems is readily predicted by theories, and experimental results 
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now exist directly supporting this concept in a 1-d spin system [71]. Whether 
or not such a thing is actually happening in quasi 2-d cuprate systems is 
a fundamental question yet to be answered by experimental studies. 

6 The Crossover Criterion 

Cooper pairs, once formed at Tc , would immediately undergo a long-awaited 
BE condensation even within the BCS theory. In this sense, Tc is always 
associated with a BE condensation in any doping region in Fig. 5(a). It is, 
however, only in the low density region, which we call the “BE region”, that 
Tc is determined by the condensation temperature. Theoretically, a pseudo- 
gap and/or fluctuating order parameter corresponds to the idea that finite 
momentum pairs with Q 0 exist above Tc in addition to the Q = 0 Cooper 
pairs [66]. In the low density limit, most of the local bosons have a finite mo- 
mentum at temperatures between T* and Tb . Therefore, this “finite Q pair” 
provides a very natural and smooth evolution connecting Cooper pairs and 
local bosons. The existence of the “pseudo gap” would help prevent the imme- 
diate decay of such a finite Q pair into fermions. In an analytical argument 
extending a BCS-like self-consistency treatment for the energy gap / pairing 
field, Tchernyshyov [66] have shown that the condensation temperature Tc 
of such a system with fluctuating pairs is given by Tc ~ Tb, as the pair- 
formation temperature departs from Tc with the carrier concentration de- 
creasing from the high-density BCS side. For numerical attempts to obtain 
Tc in the crossover region, see a recent review of Micnas [53] and references 
therein. Thus, Tc oc Tb can be expected not only in the low-density local bo- 
son limit but also near the crossover region. This provides theoretical support 
for the phase diagram in Fig. 5(a). 

Where should the crossover occur ? Although we are much accustomed 
to the language of weak-coupling BCS theory, it is easier to consider this 
question from a strong coupling point of view. In the low-density limit, the 
binding energy (or the pseudo gap A) would be determined directly by the 
energy scale of the exchange interaction J (comparable to the mediating 
boson energy hwe), analogous to the way the gap is determined in Haldane 
or spin-Peierls systems. So, A may be between a tenth and a half of J. 
Doping carriers would lower A, i.e. the T* line, again analogous to the doping 
dependence of a many-body gap in magnetic systems. The Tc line in the 
low-density limit would follow Tb ~ Tp/4, yet with reduced absolute values 
due to overlap/interaction. Then these two lines would merge (T* ~ Tc) 
approximately when £p ~ . This is a heuristic argument which supports 

the picture that the crossover occurs at the energy scale which separates 
retarded and non-retarded interactions. 

In length-scale arguments, one can characterize this crossover region by 
a carrier density for which the interparticle distance (~ l/fcp) becomes com- 
parable to the “size” of a fermion pair. In a strong-coupling superconductor. 
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the potential energy due to the attractive interaction dominates over the 
kinetic energy due to the zero-point motion of fermions. We shall resort 
to the concept of “retardation length” («f is the Fermi velo- 

city), which represents the range of the potential and consequently the size 
of a pair in the strong coupling case. (In weak-coupling superconductors 
dominated by the kinetic energy, the coherence length ^ » ^ret, represents 
the “size” of a pair.) If ^ret is longer than the interparticle distance (~ l/fep), 
two fermions would move apart, still feeling the attraction, just like Copper 
pairs in the BCS region. If opposite, two fermions would move “together” like 
a composite boson. Then the crossover between these two different kinds of 
particle motion should occur at Vp/uje ~ l/K = h/m*Vp, or equivalently 
at 1/Jujb ~ l/m*vl oc l/sp, leading to the same conclusion as given by the 
above-mentioned energy argument. 

Once we assume that hwB ~ £f defines the crossover criterion, we can 
estimate the energy scale huje of the mediating bosons from the measured 
values of Sp in Fig. 2. Typically, high-Tc systems show the “optimal region” 
around Tp ~ 2,000K. This energy scale corresponds well with the energy 
of the mid-infrared reflection (MIR) observed in the optical conductivity 
of cuprate systems [72]. This suggests that the MIR manifests the pairing 
interaction, whereas the Drude part stands for translational motion. The 
~ 2 000 K energy scale also corresponds well with the antiferromagnetic ex- 
change interaction J ~ 1 500 K of adjacent spins on the Cu02 planes. This 
gives support [73] to the viewpoint that the exchange of spin fluctuations is 
indeed the microscopic mechanism for pairing in cuprate systems. 

7 Discussions and Summary 



There are two distinct aspects to the understanding of superconductivity: 
(a) the microscopic pairing mechanism, including arguments regarding pair- 
mediating bosons (such as phonons or magnons or else), origin of attractive 
interaction between fermion carriers, and local symmetry of superconducting 
wave functions, etc.; and (b) the thermodynamic condensation mechanism 
including description of the phase transition. In this review, we focused on 
the latter aspect (b), and suggested that the actual situation in cuprate sys- 
tems may well lie between the well known limits of BE and BCS condensa- 
tion. Theoretically, the crossover region exists between strong-coupling (BE) 
and weak-coupling (BCS) limits. A complete formation of theories for this 
“intermediate coupling” region is yet to be established. The role played by 
dimensionality, i.e. the 2-d versus 3-d issue, has also to be explored. 

From the naive picture shown in Fig. 5(a), one would expect that the 
parameter ns/m* would keep increasing with increasing doping in the high- 
density BCS region, since the carrier density would increase while the in- 
creasing overlap of carriers would widen the band width, decreasing m*. For 
a retarded interaction, various physical parameters in the normal state would 
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be directly convertible to superconducting parameters. In view of this, it was 
quite surprising that pSR results in the overdoped T12201 systems [74,75] 
exhibited an entirely opposite trend, namely a decreasing spectral density 
ris/m* with increasing carrier doping. This feature can be interpreted in 
terms of (a) microscopic phase separation between normal and supercon- 
ducting states below Tc [74,43,44] and/or (b) strong pair-breaking scattering 
in the overdoped region [75]. This at least suggests that the high density 
side of the cuprate system is much more complicated than a simple BCS 
superconductor. Due to the limited space available here, we defer the over- 
doped region and the (Cu,Zn) substitution effect [73] elsewhere. We only 
note here that in all these cases, where superconductivity is suppressed by 
impurity /overcrowding effects, Tc more or less scales with ns/m*, reflecting 
a fundamental aspect of Bose condensation. 

The most direct evidence for the crossover picture would be obtained if 
one observes the “2e” pairs between Tc and T* in the underdoped region. 
There are some obstacles against this, such as; (1) the 2e pairs are expected 
to be short-lived; (2) most of transport measurements can not distinguish 
conduction of N particles charged with “e” from that of N/2 particles charged 
with “2e”; and (3) most of the cuprates have too “high” Tc, which prevents 
detailed quantum transport studies. Nevertheless, it would be invaluable to 
pursue measurements to observe “2e” charges. 

In summary, we have shown that the experimental results regarding cor- 
relations between Tc and Us/m* and the pseudo gap behavior observed in 
underdoped cuprate systems lead to a picture of a crossover from Bose- 
Einstein to BCS condensation as a plausible framework for understanding 
high-Tc superconductors. As shown in this paper, various experimental and 
theoretical works have contributed to the development of this model. More 
than 70 years have past since the concept of BE condensation was proposed 
[76]. Thanks to recent experimental confirmation of a BE condensation in 
very-weakly-interacting Bose gas systems of laser-cooled Rb and Na atoms 
[77,78], we are now observing a “renaissance” of BE condensation. It would 
be very gratifying if the concept of a crossover in cuprate superconductors 
can enrich this renaissance. 
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1 Introduction 

In the last two decades or so, a number of new materials have been dis- 
covered which do not comply to the standard theoretical description of their 
normal and broken symmetry, mainly superconducting, phases. Among them, 
a unique role is played by the high temperature superconductors (HTS) [1], 
with their unusual doping dependence of the normal and superconducting 
properties. Other materials, such as heavy fermion systems and their alloys 
[2], alkali metal fullerides [3,4], carbon nanotubes [5], borocarbide supercon- 
ductors [6], organic superconductors [7], etc., also show interesting features. 
In some of the mentioned systems, clear non-Fermi liquid behavior in the 
normal state and strong departures from BCS-Eliashberg [8,9] theory predic- 
tions in the superconducting state have been observed. The important issue 
in this context has been the symmetry of the order parameter, the origin of 
the pseudogap in the underdoped materials, and the operating mechanism of 
superconductivity. 

While there seems to arise a consensus that the symmetry of the order 
parameter is of d^ 2 _y 2 type [10,11], the origin of the pseudogap and the 
superconducting mechanism in HTS remains still under debate. Supercon- 
ducting alkali-metal-doped fullerides seem to be less controversial with most 
of the data pointing at the electron-phonon driven superconductivity, while 
in borocarbides the interesting competition between magnetism and super- 
conductivity has been observed. 

The complexity of the behavior of new superconductors and apparent 
non-applicability of the standard theory has also contributed to new work 
aimed at deeper understanding of the conventional superconductivity with 
electron-phonon interaction (EPI) serving as a driving force of electron at- 
traction. Study of the competition between strong Coulomb correlations and 
EPI has shown inter alia a possibility of anisotropic superconductivity [12] 
with the d wave type order parameter. 

The main purpose of this work is to review some results obtained for mod- 
els which assume the evolution of superconducting phases as arising from the 
competition between strong electron-electron and electron-phonon interac- 
tions. The Coulomb correlations are known to play crucial role in establishing 
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the properties of various systems [13,14,15], and in particular, strong correl- 
ation related features have been found in normal and superconducting state 
of all above mentioned materials. A short discussion of the electron-phonon 
interaction in the normal state of correlated systems can be found in [16]. 

In the next section, we shall briefly describe the experiments showing 
signatures of EPI. The early theoretical work, based mainly on the BCS- 
Eliashberg type approach, which takes into account the presence of singular- 
ities in the electron spectrum and anharmonic electron-phonon (EP) coup- 
lings is described in Sect. 3. The competition and mutual influence of the 
electron correlations and EPI in the framework of Migdal-Eliashberg (ME) 
theory is discussed in Sect. 4. The recent attempts to go beyond ME approach 
are reviewed in Sect. 5. We finish with conclusions and remarks Sect. 6. 

2 Experimental Signatures of EPI 

Here we review experiments which have been interpreted as a clear indica- 
tion that phonons and electron-phonon interactions participate in the phe- 
nomenon of superconductivity. There are two ways in which this participation 
occurs. First, it is EPI which drives the system to be superconducting and 
this leads to the major changes in phonon-related characteristics when one 
crosses the superconducting transition temperature. Second, the supercon- 
ductivity is connected with quite different interactions, but the changes of 
electron spectrum indirectly influence the phonons and EPI, which is always 
present, particularly at temperatures T around T^. 

The most convincing arguments in favor of phonon mechanism, com- 
ing from measurements of isotope effect and tunneling spectra, have been 
gathered for Bai-^K^BiOs , BaPbi_j,Bij ;03 as well as KsCeo. In HTS, there 
have also been found Raman and infrared-active modes [17] with strongly 
temperature dependent linewidth. Small, but nonzero, isotope shift exponent 
a has been interpreted [18,19] as a strong indication of the electron-phonon 
coupling. Similar conclusions have been inferred from tunneling and photoe- 
mission [20], neutron [21,22], specific heat [23], thermal conductivity [24,25] 
and other experiments [26]. 

We should, however, express a word of caution that in some cases the 
unambiguous interpretation of experiments as to the role of EPI is difficult 
to achieve. For a well studied example, see section 3.1. The critical discussion 
of the lattice properties and electron lattice interaction can be found in [27]. 

3 BCS-Eliashberg Theory 

with “Real Life” Complications 

From the very beginning of the HTS era, there appeared papers in the liter- 
ature which suggested that the EP interaction is responsible for the phe- 
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nomenon. FVom the well-known work on maximum attainable supercon- 
ducting transition temperature resulting from electron-phonon interaction 
in classic superconductors [28,29] it was clear that this mechanism had to be 
supplemented by various real “metal” complications in order to account for 
Tc around 100 K. 

The location of the Fermi level, Ep , close to the Van Hove singularity in 
the density of states (DOS) was one of the earliest complications taken into 
account [30,31]. This later evolved into what is known as the Van Hove scen- 
ario [32]. Strong repulsive, short range electron-electron interactions, usually 
described by the Hubbard model, the vicinity of the system to metal-insulator 
transition, the phase separation and the anharmonicities in the phonon spec- 
tra, and EP interaction were all considered to play a role in setting the high 
superconducting transition temperature and to be responsible for other un- 
usual properties of HTS. 

In spite of the great diversity of the superconducting systems, the belief is 
that they fall into a single universal class. Indeed, some universal relations and 
correlations between different properties have been found. The best known 
are those connected with the dependence of the superconducting transition 
temperature Tc in HTS on the carrier concentration n [33], and the so called 
Uemura plots which relate Tc to the penetration depth A [34]. The position 
of the superconductor on this plot has always been used as a “measure” of 
the “exoticity” of the material [35]. 




and organic materials (c). Adapted from [36] and [37]; p denotes the pressure, 
6 - hole concentration. Various phases are denoted by: AF(I) - antiferromagnetic 
(insulating), PM (I) - paramagnetic (insulating), M(FL) - metallic (Fermi-Liquid), 
NFL - non-Fermi-Liquid, SM - strange metal 



The similarities between organic [36] and high temperature superconduct- 
ing oxides, as well as heavy fermions and HTS [37], have also been discussed 
by direct comparison of their phase diagrams on the “temperature-pressure” 
and “temperature-doping” planes. In Fig. 1, we show the schematic phase 
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diagrams of heavy fermions (a), high temperature copper oxides (b) and or- 
ganic materials (c). Up to the details connected with slopes of various lines, 
there is close similarity between these seemingly different systems. For some 
values of the parameters, they show magnetic, superconducting and normal 
metal (i.e. Fermi-Liquid (FL)) behavior. In all cases, there is also a phase, 
or at least a region on the phase diagram, where the systems show unusual 
features of non-Fermi-Liquid (NFL) type. This “phase” is often referred to 
as ‘peculiar’, ‘unconventional’, ‘strange’ etc. At present, there is no clear 
definition of these ‘exotic’ phases. 

3.1 Isotope Effect — What Does It Measure? 

One of the early arguments against the electron-phonon mechanism in HTS 
was based on the absence of isotope efltect. This is very important parameter. 
The discovery of the isotope effect has played a crucial role in identifying the 
electron-phonon interaction as a superconductivity mechanism operating in 
classic superconductors. It is also believed to be an important factor in the 
studies of HTS [18] and other exotic superconductors. 

As already discussed, a number of experiments have shown that electron- 
phonon interaction, though not necessarily solely responsible for the super- 
conductivity in these materials, does play an important role and should not 
be abandoned completely. With regard to the isotope effect, the situation 
has been very puzzling. The early experiments on the oxygen isotope effect 
[38] have shown that the value of isotope exponent a (Tc ~ M~") strongly 
depends on the technological details. It may take on small positive, zero or 
small negative values for HTSs, and moreover depends on the doping level 
S, vanishing for optimally doped samples. On the other hand, this coefficient 
is quite large in alkali metal doped fullerides [39]. The situation seems to 
be even more complicated for the copper isotope effect which has also been 
measured [40] and has fairly large coefficient, taking on values around 1/3 in 
the underdoped regime. 

In the framework of BCS-Eliashberg theory one writes the superconduct- 
ing Tc as 

Tc-- = 1.13a- exp , (1) 

where d> is the characteristic phonon frequency (often replaced by the Debye 
one o-d), a - electron-phonon coupling and /i* - Coulomb pseudopotential 
which describes effective repulsion renormalized from its bare value fi to 

* - A* 

^ 1 -t- /ilnEp/o) ’ 

due to retardation effects; Ep is the Fermi level. In this theory, the isotope 
coefficient is given by (assuming a- « o-d oc M is the isotope mass) 
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and the values of a are found to be smaller than 1/2, with small a correlated 
to small Tc (cf. (1) and (2)). 

The new superconductors we are talking about are complicated chemical 
systems with a large number of atoms per unit cell. In such a case, one defines 
partial isotope coefiRcients Ur for replacing atom r by the isotope. The total 
a is then defined as cctotai = Ef “r ■ Thus, replacing one of the atoms by 
corresponding isotope leads to atotai smaller than 1/2. 

It has recently been found that the value of the coefficient a is strongly 
influenced by such factors as magnetic impurities, proximity effect, non- 
adiabaticity [41], and a presence of the VHS or strong energy dependence 
of the electronic density of states (DOS) in the close vicinity of the Fermi 
level [42]. The solution of the Eliashberg equation with energy dependent 
DOS has shown the possibility for obtaining values of a < 1/2 when there 
exists a peak in DOS and values of the order 1 or larger when the DOS 
has a dip [42]. 

The general conclusion is that the presence or absence of isotope effect 
can teach us a lot about the system (e.g. about the magnetic scattering, 
proximity and nonadiabaticity), but its presence or absence cannot be used 
as an argument in favor or against the electron-phonon mechanism [41]. 



3.2 Electron-Lattice Coupling in HTS 

Weber [43] was among the first to propose the EP interaction to be responsible 
for superconductivity in La 2 -j;Srj,Cu 04 . His realistic calculations of lattice 
dynamics and the Eliashberg function a^F{uj) lead him to conclude that it 
is strong coupling of some phonon modes to electrons (A w 2 — 2.5) and light 
oxygen mass what allows for Tc values ~ 30-40 K. 

The necessity of the fully self-consistent description of the normal and su- 
perconducting states in the framework of the Eliashberg approach has been 
stressed in [44]. These authors argued that strong electron-phonon inter- 
actions may lead to marginal Fermi liquid like behavior and that it gives 
a natural explanation of anomalous normal state and superconducting beha- 
vior in HTS. 

The departure of the measured dimensionless thermodynamic ratios in 
superconductors (like the ratio of the gap to Tc and other) from universal 
BCS values can be most easily explained in the strong coupling Eliashberg 
theory, particularly if two or more interactions contribute to the Eliashberg 
function a^F{u)). The case of electron-phonon and exciton interactions has 
been studied in [45]. 

The solution of Eliashberg equations for a system with a Van Hove sin- 
gularity (VHS) in the electron spectrum lead Mahan [31] to conclude that 
VHS can contribute to an increase of Tc but only in the circumstances that 
the Fermi level is within 10% of the singular energy. On the other hand, this 
author has found that angular variation of pairing parameters can increase Tc 
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up to 50%. Similar calculations have recently been performed [46] with applic- 
ation to the tunneling conductance of HTS. It has been found that both high 
Tc values and d-vf&Ye symmetry of the order parameters can be obtained in 
reasonable agreement with the data on optimally doped Bi2Ca2SrCu208+i . 
They used the Eliashberg function, which consists of isotropic and anisotropic 
parts, and were able to fit the value of the gap, the critical temperature, and 
the shape of the density of states. 

Some of the early applications of the Eliashberg theory to HTS have been 
reviewed and critically analyzed in [47] and [48]. 



3.3 Anharmonicity in the Phonon Spectrum 
and Electron-Phonon Coupling 

Standard Eliashberg formalism used to derive values of A assumes that lat- 
tice response is harmonic. The anharmonic effects, which in HTS are mainly 
connected with the motion of apex oxygen ions, modify the original pic- 
ture. In the work [49] aimed at the description of 90 K superconducting 
YBa2Cu307_i , it has been proposed that some phonon modes, namely those 
connected with motion of apex oxygens may be strongly anharmonic. The cal- 
culations [49] show that if the apex oxygen moves in a double-well potential, 
both the coupling A (> 5) and averaged frequency are subjected to 

large, temperature-dependent change. The resulting superconducting trans- 
ition temperature, in the strong coupling limit A ^ 1 calculated from the 
formula [50] 

Te-0.18(A(u;2)y^', (3) 

has been found to take on values of the order of 100 K. 

Both YBa2Cu3 07_5 and La2Cu04 were argued [51] to be unstable mech- 
anically, which can mean a strong enhancement of electron-lattice coupling, 
especially if the anharmonicity is connected with double-well potentials. In 
the general case, the parameters A can become temperature dependent. The 
thorough analysis of the experiments [38] has lead Muller [18] to conclude 
that the motion of apex oxygen is highly anharmonic most probably due to 
double well potential along c axes. 

The effect of anharmonicity on the electron spectrum, charge ordering 
and superconducting properties in exotic, mainly high temperature super- 
conductors, has been studied by a number of groups [52,53,54]. 

Strong anharmonicity of the lattice potential can be induced by cor- 
relations. For the near half-filled Hubbard-Holstein model, such an effect 
has been demonstrated in [55]. This is due to polaronic self-localisation of 
carriers and can exist even in systems with relatively weak, bare electron- 
phonon coupling. 
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4 Electron Correlations and EPI-Eliashberg Theory 

One of the theoretical arguments against the electron-phonon interaction and 
in favor of Coulomb mechanism in HTS is the apparent d^ 2 _y ‘2 symmetry of 
the order parameter. EPI, in metals, is only weakly anisotropic due to its 
locality in real space and strong screening and thus leads to s-wave gap. 
In many exotic superconductors and most notably in oxides, the screening 
is weak and the anisotropy of EPI much stronger. The explicit solutions of 
Eliashberg equations [56] with different strength of EPI at different regions 
of the Fermi surface, has led to solutions of s- and d-wave symmetry being 
nearly degenerate in energy. They could also account for high values of Tc , 
suppression of the isotope effect, and large ratio 2A/Tc . 

We shall see later in this Section that short coherence length and strong 
on-site Coulomb repulsion severely modify the original Eliashberg equation. 
As a result, the symmetry of the resulting order parameter depends on the 
doping level. The d-wave symmetry is found for hole-doped materials and 
the s-wave symmetry - for electron-doped materials [12,57]. 

As mentioned, the short range Coulomb correlations are strong in most 
exotic superconductors including organic ones [58]. At the same time, the 
superconducting coherence length ^ is short. All of this means that correl- 
ations cannot be neglected. Correlations cause the half-filled system to be 
Mott-Hubbard insulator. Superconductivity appears at a finite doping level, 
as seen in Fig. 1(b). 

There exists in literature a number of papers which study the supercon- 
ductivity in the presence of both EPI and correlations [12,57,59-63]. Both 
covalent (i.e. resulting from modulation of the hopping amplitude) EP coup- 
ling and ionic one (i.e. on-site) have been studied in the framework of three 
band or effective single band models. 

Before we continue, let us remark that competition between interactions 
can lead to unexpected results. Transition temperature Tc , calculated for 
a model with electron-phonon coupling and “correlated hopping” [64] terms, 
was increased or decreased by EPI depending on the parameters [65]. In this 
particular case, such behavior was connected with momentum dependence 
of the order parameter. 



4.1 Eliashberg Equations in Correlated Systems 

To study the interplay of strong short range Coulomb correlations and 
electron-phonon coupling, we use the single band model Hamiltonian, 
however, with both on-site and intersite electron-lattice coupling [57]. In 
electron representation this reads 

n = ctcj, + E + ^Ph • (4) 

ij(T ijscr i 
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Here, c^(Cj^) is the creation (annihilation) operator for a spin cr electron at 
a site i of the lattice, uf is the o-th component of the displacement vector 
of the ion, hia = n denotes the chemical potential, Uj is the hopping 

integral assumed to take on nonzero value —t for i,j being nearest neigh- 
bor sites, U is the Hubbard on-site repulsion of carriers. Uph denotes the 
Hamiltonian of the lattice. We assume the validity of the harmonic approx- 
imation. The electron-lattice interaction described by the second term in (4) 
has two components 

r.'? = T“ - 

the first of which, , has been derived from modulation of the hopping 
integral Uj in the deformed lattice. It is related to the derivative of Uj taken 
at equilibrium position of an ion. The second part of the interaction, i.e. the 
term , is connected with fluctuations of the crystal field. Due to the ionic 
character of high temperature superconductors, this term is expected to be 
more important and has to be taken into account even if the equilibrium value 
of crystal field Si — tu is zero. The systematic derivation and the discussion 
of the electron-ion interaction in the context of superconducting oxides can 
be found in [66]. 

To proceed, we shall assume the validity of the Migdal theorem [67] and 
use the simple version of the slave boson technique to deal with strong cor- 
relations U in Hamiltonian (4). For large U values, the states corresponding 
to doubly occupied sites are pushed to high energies. The limit in which we 
are interested here, (i.e. U = oo), they are not important at all and we ex- 
pect the sites to be singly occupied or empty. Thus in general, the condition 
quantifying this limit is n, = ct c-^ < 1. 

The idea of slave bosons [68] is to represent the physical electron in the 
{/ = 00 limit by the fictitious fermion, described by the operators ct (c-^) 
and an auxiliary boson 67 (6J. The condition of no double occupancy of 
a site can now be expressed in formally exact form 

Qi = J2^t^i<r+btbi = l. (5) 

<T 

To keep track of the constraint, one usually introduces a set of Lagrange 
multipliers Ai and adds to the Hamiltonian a term Ai{Qi - 1), neglecting 
at the same time the term proportional to U. The intersite terms in Hamilto- 
nian (4) contain the additional operators 6^ 6+ while the on-site terms do not. 
This clearly distinguishes the influence of strong correlations on the covalent 
and ionic EPI. 

To illustrate the modifications of the Eliashberg theory, we shall write the 
equations obtained in the mean field approach to slave bosons. The details of 
the derivation can be found in [12] and [57]. This last reference also contains 
results beyond mean field approximation. 

It has been shown that mean field description can be obtained by assuming 
average values (6J = (67) — r and A( — A at each site. Two parameters, r 
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and A entering the mean field Hamiltonian can be chosen so as to make 
minimal the ground state energy Eas = (’H). One gets [68] 

— 1 — n , 

ijo" ijsoca 

Here, n = ^ denotes the concentration of electrons in the band 

(n < 1). There are two modifications of the spectrum of electrons encountered 
on the mean field level. First is the band narrowing described by P and its 
shift described by A. The spectrum of noninteracting fermions in the mean 
field is given by + A) instead of (e*, — jj) of original electrons (at 

U = 0). For the half-filled band n = 1, the system is localized (r = 0). Here, 
tk is the Fourier transform of Uj . 

To properly describe the superconducting state in the system at hand, 
one has to work in site representation. The important point is that in the 
considered U = oo limit the double occupation of a given site is strictly for- 
bidden. This means, inter alia, that correlation functions (cifCji) describing 
superconducting pairs vanish exactly for i = j, i.e. the on-site pairing is for- 
bidden. On the other hand, the correlations of the type (c+ measure the 
average number of carriers at site i, and are allowed to enter into the formula. 
This important fact has first been noted by Zielinski and coworkers [12] and 
leads, as we shall see, to severe changes in the form of Eliashberg equations. 

The matrix self-energy Ek (w) is written as usual (with fj denoting Pauli 
matrices) [57] 



Ekiij) = w[l - Zkiu)] To -I- </>A;(w)ti + Xk{^^)h (6) 

and calculated up to a second order in EPI. We get 

Ml - z.Hi = i /<!-. f ^ E ■ 

2 7 J UJ-UJ 1 -UJ 2 ^ w 

(7a) 



, 1, wiZfe/(wi) 



2 J J u - ui - LO 2 iv ^ 



(--)Im-— — p — ^ ; 
7T Ak> (wi ) 



(7b) 



, X 1 /•, f, tanh(^wi/2) -l-coth(/3w2/2) 1 ^ 



, 1.., r'^€k' - fJ-A A + Xk'iuJi) 

( )Im 7 — - — r 

7T Ak'{o}\) 



(7c) 
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where we denoted Ak’{uJi) = [wiZfe'(wi)]^ — [(/>fe'(o;i)]^ — /z+d+x>e'(wi)]^ 
and 



^kk'i.^2) — + iO) , (8) 

1/ ^ 

Kk,k'i‘^ 2 ) = ImDq,^(w2 + i0)7 (fc-g-fc'). (9) 



qi/ 



Here, Dk„(uj) is the phonon propagator and electron-phonon matrix element 
^k,q is given by 



Mk,q = \9 Aq)\ 






(10) 



with g^{q) = {h/2u>^{q) ■ M)^/^ = {l/h){dek/dk°‘). Here, e“(g) is the a- 

th component of the phonon polarization operator, while is the Fourier 
transform of the ionic part of electron-phonon interaction, u>,y{q) denotes the 
phonon dispersion and M - the ionic mass. I4 (Vi) denotes the strength of 
the covalent (ionic) part of electron-phonon interaction. Note the different 
renormalization by of the covalent and ionic parts of EPI. The parameter 
7(fe) entering (9) is of geometrical origin. It takes care of short superconduct- 
ing coherence length and is given by the sum of phase factors exp[ifcr,] over 
nearest neighbor sites rj in a given lattice. 



4.2 Consequences of Generalized Eliashberg Equations 

There are a few differences between above and usual Eliashberg equations 
for superconductors. The most important, beside the renormalization of the 
spectrum, is the presence of two different types of kernels and de- 
termining normal {Zk ' , Xfe') anomalous {<pk’) parts of the self-energy, re- 
spectively. 

The equation for Xfe(<^) is usually neglected. In the theory valid for 
strongly correlated superconductors with short coherence length, this has 
to be taken into account as it leads to nontrivial modification of the relation 
between chemical potential n and carrier concentration n. 

The complete solution of the above generalized equations is complic- 
ated. We shall discuss here only most important consequences. First, one 
notes that the equation for Zfc(w) has precisely the structure as in standard 
theory [48]. This means that the wave function renormalization is mainly 
of s~wave type. By this, we mean that in the decomposition of Zk into 
Fermi surface harmonics (for a two dimensional square lattice these are 
1, cos kx + cos ky, cos k^ - cos ky, etc., for s, extended s (denoted by s*),d, . . . 
symmetry) the largest contribution will come from the spherically symmetric 
contribution. The same is not true for the order parameter, and in fact the 
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largest component is of s-wave type for small electron concentration in the 
band, whereas it is a d wave type for small hole concentration in the system. 
This is illustrated in Fig. 2, where we plot the corresponding superconducting 
electron-phonon coupling constants Xg and A^. 




n 



Fig. 2. The carrier concentration dependence of the s and d wave components of 
the coupling constants calculated from the kernel entering equation (7b) for the 
order parameter 



Two different kernels and K^ ^., of Eliashberg equations imply the 

existence of two different Eliashberg functions a^Fi{Lj), I = N,S for normal 
(N) and superconducting (S) properties defined by 

a^Fj(u) = , ( 11 ) 



where the sign ((•••)fep)fe;, denotes the Fermi surface average and N{Ep) 
is the density of states at the Fermi energy. One also defines two different 
electron-phonon coupling constants X^ = 2 J dw/w • a^Fj{ui). 

There exists [69] still another Eliashberg function which in the present 
case can be defined as 



a^Ftriuj) = N{Ep) 






[u(fc) - 
2(v(fc)^)fep 






fcp 



(12) 



and corresponding coupling A*'' which describes transport (tr) properties of 
the system. Calculations using the kernel (8) show that the couplings A**’ 
and A'^ are of the same order [70]. Vertex corrections strongly reduce A‘‘’ (see 
below and in Fig. 3). 

It is the peculiarity of the correlated system that we have to define two 
different sets of electron-phonon couplings X{, i — s,s*,d-, one for normal 
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/ = N and another for superconducting J = S part of the generalized Eli- 
ashberg equations. In principle, all these parameters can be deduced from 
experiments [69]: A“' from high temperature transport measurements, and 
A” from specific heat. The superconducting coupling A® is expected to enter 
the formula for Tc ■ To see this, assume that of normal state parameters Af 
only the A^ component is nonzero. The superconducting transition temper- 
ature into the phase with i-th symmetry can be written approximately in 
McMillan-like form as [71] 



= l.lSoiexp 



1+Ar 
Af . 



(13) 



The stability of the obtained superconducting phases with respect to the 
changes of the electron spectrum has been checked [72] by performing the 
calculations for the band structure given by 



£(fe) = — 2t(cos kxa + cos kyU -I- {2t' /t) cos cos kya) . (14) 



Interestingly enough, for t' jt < 0 the d-wave phase remains stable for 
small hole doping. In the opposite limit of t' ft > 0, the s-wave coupling 
constant is larger than the d-wave one for all values of carrier concentration 
n. It is worth noting, in this context, that the minus sign is proper for the 
spectrum of HTS which also possesses d-wave order parameter. 



4.3 Vertex Corrections Due to Electron— Electron Interaction 

The theory presented above has neglected the vertex corrections - both those 
resulting from electron-phonon as well as those due to electron-electron in- 
teractions. Some aspects related to the electron-phonon vertex corrections 
will be discussed in the next section. Here, we shall concentrate on the 
electron-electron interactions. These vertex corrections have been considered 
e.g. in [61] and [60]. 

Correlations induce strong dependence of the vertex corrections on v^q/ui 
(up is the Fermi velocity, q,LJ stand for momentum and frequency trans- 
fer). For a three-band Hubbard model, they have been shown to suppress 
quasiparticle coupling in the Vpq/tJ > 1 limit. In the opposite limit, the 
effective EPI has been increased. EPI was found to induce a phase separ- 
ation instability. Near the phase separation instability, the system develops 
superconducting instabilities in both s-wave and d-wave channels. 

Momentum and frequency dependence of vertex corrections complicate 
analysis of the experiments which probe different regions of the (q, w)-space. 
The detailed calculations for a single band Hubbard model supplemented with 
local electron-phonon interaction has revealed much larger reduction of the 
transport Eliashberg function a^Ftr(w) than a^F{uj). This is connected with 
the factor [v{k) —v{k')]‘^ which favors large momentum transfers in a^Ftr(w) 
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(cf. (12)). The function a^F{uj) is also reduced by vertex corrections but only 
by a factor of 3-4 [60]. 

The momentum dependence of the vertex ■y{k = fcp,g) on q, along the 
diagonal q = {q, q) of the two-dimensional Brillouin zone calculated in [60] 
by means of Hubbard X operator technique and 1 /N expansion, is plotted 
in Fig. 3. Note the strong doping dependence of the vertex. 




Fig. 3. The dependence of static vertex function on momentum transfer calculated 
in [60] for few dopings. Note strong momentum and doping dependence 



The semi-quantitative analysis of phonon inediated superconductivity in 
a correlated system is given in [73] with special emphasis on HTS. This author 
also argues, inter alia, that the pseudogap behavior observed in under doped 
cuprates can be explained by invoking phonons and EPI in the strong coup- 
ling limit (A > 2) and concludes that the anisotropy of the pseudogap is 
a direct indication of the anisotropy of the coupling. 

The EPI, as a mechanism of superconductivity in correlated HTS, has 
been recently shown to lead to universal dependence of Tc on the doping 
level 6 [74]. 

5 The Role of EP Vertex Corrections - 
Beyond Migdal-Eliashberg Theory 

Here, we want to comment on the issue of vertex corrections due to electron- 
phonon interaction. They have been argued long ago by Migdal [67] to be 
unimportant for metals. The higher order diagrams have been found to give 
contributions of the relative order Wph/Ep, where Wph is the characteristic 
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phonon frequency and - the Fermi energy. In wide band metals, this 
parameter is of the order of 10“^ or smaller and neglecting vertex correc- 
tions is justified. In the materials, we are talking about the bands which 
are narrowed by correlation effects (particularly near half-filling), the ratio 
Wph/Sp is of the order of 0.1 or larger, and the vertex corrections become 
important. Moreover, the reduced dimensionality of the system makes ver- 
tex corrections the more important as the relevant parameter is no longer 
(jjph/Ef but ujph/Ep log(£lF/aiph) [75]. Again, the largest corrections appear 
in restricted frequency regions and make them important even for relatively 
small values of ujph/Ep. 

The same, which has been said in connection with the normal state [75], 
remains valid for the superconducting state. Here, one expects the renormal- 
ization of coupling constant(s) A^, transition temperature Tc, penetration 
depth, isotope coefficient etc. A number of researchers have recently ad- 
dressed questions related to vertex corrections [76,77]. 

An important conclusion, in the present context, has been obtained in [77]. 
The vertex corrections practically do not influence the transition temperat- 
ure of the s-wave superconducting phase. On the other hand, the d-wave 
phase superconducting transition temperature is substantially diminished by 
vertex corrections. 



6 Remarks and Conclusions 

Shortly after the discovery of high Tc superconducting (HTS) oxides with 
transition temperatures Tc around 100 K, much exceeding the most optim- 
istic estimation of Tc resulting from the electron-phonon interaction, a hot 
discussion started about the applicability of BCS-Eliashberg theory and the 
electron-phonon (EP) mechanism. I hope that I have convinced the reader 
that the issue is still far from being solved, and that it is interesting and 
puzzling enough to be studied both experimentally and theoretically. 

On the theoretical part, better controlled approximation schemes and nu- 
merically exact results for larger systems are very desirable. We have seen 
that in most of exotic superconductors and, in particular, in high Tc oxides, 
the delicate balance of various interactions exists. In various respects they 
seem to be “marginal,” or falling into the crossover region. The coherence 
length put them neither in the limit of DCS pairing nor Bose-Einstein con- 
densation. They fall neither in the adiabatic nor strong anti-adiabatic limit. 
All this causes the well-established theories to break down. The relevant 
expansion parameters are all “of order 1”. 

As already noted, this shows a need for more complete understanding of 
the origin of classic superconductivity and models used to describe it. The 
simplest such model is that introduced by Holstein [78] and studied recently in 
various nontrivial limits [79]. In order to take strong correlations into account, 
the Holstein model is supplemented by the Hubbard U term [80] describing 
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on-site repulsion of electrons. The resulting Holstein-Hubbard model has 
also recently been intensively studied [81]. 

The experimentally observed signatures of EPI are often wreak, not be- 
cause the interaction itself is weak, but as discussed above, because of inter- 
ference with other interactions. This makes proper analysis of experiments 
and comparison with competing theories difficult. For an example, see the in- 
teresting exchange of comments on the interpretation of oxygen isotope effect 
on the effective mass of charge carriers in YBa 2 Cu 3 06.94 [82]. 

Useful information about the electron-(exchanged) boson(s) interactions 
is contained in the Eliashberg function Various thermodynamic and 

transport coefficients depend on it. The important issue is how to extract the 
piece of o^F{lo) due to EPI and distinguish it from contributions possibly 
due to other interactions, e.g. spin-fluctuation. 

Can one unambiguously identify the contribution from EPI to tunneling 
and optical conductivity ? In particular, it would be desirable to know how 
to extract the information on phonons, spin fluctuations, or other interaction 
from optical conductivity in normal and superconducting state. Schachinger 
and Carbotte [83] have recently asked that question. To answer it, they used 
a model in which pairing proceeds through exchange of antiferromagnetic 
spin fluctuations supplemented with EPI and solved the resulting Eliashberg 
equations. They have shown that the presence of phonons shows up qualit- 
atively both in frequency and temperature dependence of conductivity, but 
the comparison with existing experimental data cannot confirm or rule out 
large electron-phonon contribution. They used the isotropic electron-phonon 
contribution to the spectral function a^F{u)) and the anisotropic one due to 
spin-fluctuation exchange. These authors did not consider the possibility of 
two different kernels and thus two different Eliashberg functions considered 
in the present work. 

We have to emphasize that even an effect such classical as the isotope 
effect, when measured in exotic systems shows up previously unknown and 
unexpected faces. This forces further theoretical work to be done. 

We have been interested here in the EPI induced superconductivity in 
strongly correlated systems and have seen that the traditional Eliashberg de- 
scription needs modification. Due to correlations and short coherence length, 
the equations become highly anisotropic and in particular lead to the d-wave 
superconducting order parameter. 

All of this complicates the identification of the mechanism of supercon- 
ductivity and the role of EPI in it. At the same time, we have seen that much 
experimental data could be explained by invoking EPI. Thus, this interac- 
tion remains a serious candidate of mechanism of superconductivity at least 
in strongly correlated systems. 
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Abstract. In the paper we present measurements of the in-plane \ab{T) (H||c) 
and out-of-plane \±{T) (H±c) penetration depths in La 2 -a;SrxCui-j,Znj ,04 for 
X = 0.08, 0.1, 0.125, 0.15, and 0.2, and for 2 / = 0, 0.005, 0.01, and 0.02. The penetra- 
tion depth was obtained from ac susceptibility meaisurements of powdered samples, 
immersed in wax and magnetically oriented in a static magnetic field of 10 T. For 
unsubstituted, underdoped SEimples (x < 0.15) penetration depth varies linearly 
with temperature for low temperature region. For the samples from the overdoped 
region {x > 0.15) the measured points can be fitted by the exponential function 
of temperature. Our results support the view that for underdoped samples we are 
dealing with Bose-Einstein condensation while for overdoped ones the supercon- 
ductivity is BCS-like. Extrapolated to T = 0, penetration depth values may be de- 
scribed by the quadratic function of strontium concentration similarly as the Tc{x) 
dependence. For zinc-doped, underdoped Lai.85Sro.i5Cui_j,Znj,04 the temperat- 
ure dependences of penetration depths can be described by power laws, but with 
exponents n varying linearly with substituent content. These exponents n increase 
at a rate of about 2.5 per at% of zinc substitution. We found that the penetration- 
depth anisotropy is dependent on substituent content in Lai.85Sro.i5Cui_yZnj,04 , 
decreasing to a minimum at x ~ 0.015 and increasing for higher substitutions and 
can be described by a quadratic function. Our results strongly suggest that both 
the effective mass and the density of charge carriers must be taken into account in 
theories describing high-temperature superconductivity. 



1 Introduction 

They are three key issues for high temperature superconductivity in the 
cuprate superconductors: the physical characteristics and physical origin of 
the anomalous spin and charge behavior in the normal state; the mechan- 
ism for high temperature superconductivity; and the superconducting pairing 
state. Identifying the pairing state symmetry may help to narrow the choice 
of potential mechanisms. For conventional, low temperature superconductors 
phonon mechanism is responsible for the existence of the Cooper pairs. Ac- 
cording to the BCS theory [1] in this case gap function is isotropic and the 
pairing is s-wave type. It is already well established that also for high tem- 
perature superconductors (HTSC) Cooper pairs are responsible for carrying 
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the charge [2], But up to now there is still some controversy if the symmetry 
of the gap function is isotropic [3-6] or anisotropic [7-8]. In some experiments 
also mixed s + d type symmetry was observed [9]. For a d-wave pairing state 
the superconducting gap vanishes in some places on the Fermi surface, i.e. 
it exhibits nodes. Zeroing of the gap results in the quasiparticle excitations 
existence even in the limit of zero temperature. This, in turn, should lead to 
the power-law dependence of different thermodynamic functions [10]. 

One such function, for which temperature dependence may reflect the 
symmetry of the order parameter is magnetic penetration depth. It was stud- 
ied employing different methods for different families of high temperature 
superconductors [11-14]. 

Many different techniques have been employed to obtain the penetra- 
tion depth, depending upon whether the superconducting material was in 
the form of single crystal, thin film, or bulk ceramics. For single-crystalline 
samples, surface impedance [15], microwave inductance [16], infrared reflectiv- 
ity or transmission [17], magnetic torque [18], and muon-spin-relaxation are 
the main techniques [19] that have been used. For thin films, the mutual- 
inductance method [20] has been the primary technique employed, but also in- 
frared [21] and transmission-line techniques [22] have been used. For ceramic 
or powdered (usually magnetically aligned [23]) samples, the penetration 
depth has been derived from magnetization measurements in both low fields 
[24] and high fields, where the magnetization is reversible [25]. The penet- 
ration depth also has been determined from tunneling [26], magneto-optical 
[27], scanning Hall probe [28], and ESR [29] measurements. 

The most reproducible determinations of the penetration depth seem to 
have been obtained from positive muon-spin-rotation measurements. This 
technique yields only the penetration depth Xat within the superconducting 
CuOa planes, which are common to all high-Tc superconductors. But the most 
distinctive difference between the low-temperature superconducting materi- 
als and the high-temperature superconducting (HTS) cuprates is the mag- 
nitude of the anisotropy of superconducting properties in the latter. These 
cuprates may be considered as stacks of superconducting Cu 02 planes sep- 
arated by bridging blocks, which act as charge reservoirs for the planes. The 
different properties of these materials are associated with different strengths 
of interlayer Josephson coupling. However, since HTS properties also depend 
upon the quality of the blocking layers and the number of Cu 02 planes in 
a unit cell, it is important to examine also the penetration depth perpen- 
dicular to the Cu02 planes. This can be done effectively using magnetically 
aligned superconducting powders [23]. 

In the weak-coupling limit, the square of the penetration depth is pro- 
portional to the effective mass of the superconducting carriers and inversely 
proportional to their density [30]: 

Ay = c^m* /4nnse‘^{l + ^/l ) , (1) 
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where Ug is the concentration of superconducting carriers and m* - the ef- 
fective mass, ^ - the coherence length, and I - the mean free path. So the 
measurements of the penetration depth within the ab-plane and perpendicu- 
lar to it may enable to find penetration depth tensor. As it can be seen from 
the above equation, this tensor is proportional to the density of the super- 
conducting carriers and inversely proportional to their effective masses. The 
latter value reflects in some way interaction between the carriers itself and 
also the crystal lattice. 

Although lanthanum-based 214-type family may be treated as a model 
one of HTSC, there are only few papers dealing with penetration depth stud- 
ies; mainly for the in-plane component Xab [31-33]. 

We are aware of the only paper in which the study of penetration depth 
tensor for La 2 -a;Srj:Cu 04 was presented [34]. The authors applied surface 
impedance method for single crystals with typical dimensions equal to 1 x 

1 X 0.2 mm^ with large faces parallel or perpendicular to the a — b planes. 
They found that the anisotropy of the penetration depth decreases with the 
increase of strontium content from about 25 for strontium content equal to 
X = 0.09 to about 10 for x = 0.19. The magnitude of Ac(0) was in agreement 
with the Josephson-coupled layer model and the temperature dependence of 
Ac was different from the local-limit BCS formula. 

Because of limited resolution of their apparatus the authors were not able 
to present the penetration depth behavior for low temperatures, so they could 
not distinguish whether this dependence may be described by exponential or 
power-law. This was one of the reasons why we decided to present our results 
of penetration depth anisotropy measurements of La 2 -xSrj,Cu 04 obtained by 
ac-susceptibility method for the magnetically aligned powders. 

Substitution of copper in superconducting planes with magnetic or non- 
magnetic ions provides an additional way of distinguishing between different 
symmetries of the pairing state. The spin fluctuation model [35] predicts 
that nonmagnetic zinc will be a stronger pair breaker than magnetic nickel 
when it substitutes for copper in the Cu02 plane. The different pair-breaking 
properties of Zn and Ni also should be also revealed in London penetration- 
depth studies. It was another reason for the study how Cu-site substitu- 
tion with isovalent magnetic or nonmagnetic ions influences the temperat- 
ure dependence of the penetration depth in ceramic, magnetically oriented 
Lai.85Sro.i5Cui_a,Ma;04 {M = Ni or Zn). 

2 Experimental 

Polycrystalline Lai.85Sro.i5Cui_yZny04 samples were prepared using the 
standard solid-state reaction method, with appropriate amounts of La 203 , 
SrCOs , CuO, ZnO, and NiO taken as starting materials. After two cycles of 
grinding and calcining at 920 °C and 945 °C, the powder was ground, pressed 
into pellets, and fired at 1020°C (24h), 1050°C (24h), and 1100°C (48h). 
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The samples then were annealed at 920 °C (12 h), cooled to 445 °C, annealed 
at this temperature for 48 h, and slowly cooled to room temperature [36]. 

X-ray data showed that all our samples were single-phase with the 
K 2 NiF 4 -type structure. Ceramic samples were reground in an agate mill for 
about 100 min. Powdered samples were magnetically aligned in molten Okerin 
wax in a static magnetic field of 10 T. The wax was cooled through the melting 
point while in this field. Parallelepiped blocks of dimensions 2 x 2 x 10 mm®, 
with their c-axes parallel and perpendicular to the longest dimension, were 
cut from the composite using a saw. Grain-size distributions were determined 
from SEM photographs of different parts of these blocks. 

AC measurements were carried out using a commercial Lake Shore ac sus- 
ceptometer with an amplitude of 0.1 mT and a frequency of 111.1 Hz. From 
SEM photographs it was seen that the individual grains were well separated. 
However, since the densities of the wax and powders were different, some 
sedimentation was unavoidable. We therefore performed additional tests by 
measuring the linearity of the susceptometer output voltage as a function of 
the ac-field amplitude and frequency. The output voltage was linear within 
the limits of ±0.1%, indicating that there were no weak links between the in- 
dividual grains. 

The temperature dependence of the penetration depth was determined 
by a method used earlier by Porch et al. [37] from the measured ac signal, 
volume of superconductor, and measured grain-size distribution using the 
formulas: 

Xi 2 i'a.c /2\ 

Xo ~ 3 VsN- -D)’ ^ ^ 

Xi /(l - ^coth i ± dr 

Xo Jr^gir) dr ’ 

where Xi is the measured susceptibility in the ab plane or perpendicular to 
it; Xo “ the susceptibility of a perfectly diamagnetic spherical grain, Pac ~ 
the measured ac signal (in pV after subtraction of empty holder signal), Vg 
- the volume of superconductor (in mm®), N - the calibration factor for 
ac apparatus (in pV/mm® for perfectly diamagnetic superconductor with 
Z? = 0), / - the volume of superconductor divided by the total volume of the 
composite, D the demagnetizing factor of a grain, r - the radius of a grain, 
and g{r) - the measured grain-size distribution function. 

The above method yields the in-plane penetration depth Xab when the ac 
field is oriented perpendicular to the Cu 02 planes, since the induced currents 
all flow parallel to these planes. We cannot distinguish between the penetra- 
tion depths Aa and Xi for currents along the a and b direction, respectively. 
When the ac field is oriented parallel to the Cu02 planes, currents are induced 
both parallel and perpendicular to the planes, and thus the method yields an 
effective penetration depth which is a complicated mean value of the in-plane 
penetration depth Xab and the out-of-plane, c-axis penetration depth Ac . 
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If the values of the anisotropic penetration depth are to be obtained from 
susceptibility measurement on magnetically aligned powders, first great care 
has to be taken that as much as possible of the sample volume consists of 
properly aligned grains. To achieve this goal, grains of the powder should 
be single domain. Ball milling rather than grinding was therefore employed. 
Our powders consisted predominantly of nearly spherically shaped gr ains . 
However, grains with different shapes, ranging from short needles to small 
plates, were also present (an SEM photograph of Lai.85Sro,i5Cu04 gr ains 
oriented perpendicular to the magnetic field is presented in Fig. 1 as an 
example). Since a deviation from spherical grain shape influences mainly the 
magnitude of the penetration depth (our estimated error is below 5%) but 
has very little effect upon the temperature dependence of A, we decided to 
use the demagnetization factor of a sphere for our calculations. 




Fig. 1. SEM (scanning electron microscope) photograph of Lai_85Sro.i5Cu04 
powder in Okerin wax, oriented in magnetic field. White marker is 0.1 mm in length. 
The cross-section area of the grains was used for the defining their radius 



We tested our procedure for penetration-depth evaluation by measuring 
seven small tin spheres. We chose tin rather than lead, as it was much easier 
to prevent the tin surface from oxidizing, and therefore the spheres’ diameters 
were more precisely defined. The measured penetration depth extrapolated to 
zero temperature was 54 nm, which is in excellent agreement with the values 
obtained by Parr [38]. 
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3 Results and Discussion 

The quality of the powder alignment may be easily inferred from the X-ray 
diffraction patterns. They are depicted in Fig. 2a, b (one of them in logar- 
ithmic scale for clarity) for most of the measured samples. As it is seen, 
001 reflections are present almost exclusively, their intensity being about 40 
times higher than that for non-oriented samples. Traces of other than 00/ 
reflections result from the volume of non-aligned material. To evaluate the 
percentage of non-aligned grains we have applied the procedure described in 
[39] and found that in all our samples the amount of non-oriented material 
was below 15%. 




2 0 [deg] 



Fig. 2.a X-ray diffraction patterns for aligned powders of La 2 -iSrj;Cu 04 for j/ = 0 
(in logarithmic scale; for clarity, curves are shifted by increments of one degree 
along the x direction and one arbitrary unit along the y direction) 



Unit-cell parameters were used to calculate the density of superconduct- 
ing material. These values, together with the results of density measurements 
for powders immersed in wax, were used to evaluate the volume of supercon- 
ducting material in the measured samples. The unit-cell parameters for the 
unsubstituted and the Ni- and Zn-substituted samples are shown in Table 1. 
The results for the unsubstituted sample are close to the values presented in 
other papers [19,32,41]. Although the results for the Ni-substituted samples 
differ significantly from those presented in [42], they are similar to those cited 
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Fig. 2.b X-ray diffraction patterns for aligned powders of La 2 -rSriCui_yMy 04 
for X = 0.15 (in logarithmic scale; for clarity, curves are shifted by increments of 
one degree along the x direction and one arbitrary unit along the y direction) 



by other authors [43]. Results for the Zn-substituted samples are similar to 
those published elsewhere [44]. 



The distribution of the grains was obtained from SEM photographs of dif- 
ferent parts of the samples. Obtained histograms were fitted with the same 
function for all samples [asin‘^{bx) exp[ca; -I- dj) . One of histograms, together 
with distribution function used, is presented in Fig. 3 as an example. The 
diameter of the grains varied between 0.5 to 10 pm with the maximum for 
about 1 pm for all our samples. Although from the SM pictures it was seen 
that there are some grains with the shape of platelets and needles, the de- 
magnetizing factor for sphere was used for calculation. Such a choice should 
influence only the penetration depth values - not their temperature depend- 
ence or anisotropy. 
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Table 1. Critical temperature, lattice constants, unit cell volume and penetration 
depth of compounds studied 



Compound 


Tc 


a, b 


c 


V 


Aa5(0) 


Ax(0) 




(K) 


(nm) 


(nm) 


(nm^) 


(nm) 


(nm) 


Lai,92Sro.o8Cu04 


26.5 


0.37728 


1.31634 


0.187373 


327 


431 


Lai,9Sro.iCu04 


36.9 


0.37769 


1.32021 


0.188331 


304 


449 


Lai,875Sro.i25Cu04 


34.8 


0.37832 


1.32321 


0.189383 


563 


693 


Lcll.85Sro.l5Cu04 


39.5 


0.37949 


1.32143 


0.190302 


234 


547 


Lai.8Sro.2Cu04 


33.9 


0.37696 


1.32241 


0.187914 


252 


497 


Lai.85Sro.l5Cuo.995Nio.005 04 


36.1 


0.37804 


1.3227 


0.189033 


264 


521 


La 1 . 86 Sr 0 . 15 Cu 0 . 99 Ni 0 . 01 O 4 


33.6 


0.37816 


1.3229 


0.189181 


351 


453 


Lai.85Sro.l5Cuo.985Nio.015 04 


31.7 


0.37758 


1.3240 


0.188760 


431 


436 


Lai.85Sro.l5Cuo.975Nio.02504 


26.8 


0.37925 


1.3218 


0.190110 


376 


508 


Lai.85Sro.l5Cuo.965Nio.03s04 


23.8 


0.37839 


1.3213 


0.189187 


210 


752 


Lai.86Sro.l5Cuo.995Zno.00504 


31.9 


0.37983 


1.3223 


0.190776 


602 


932 


Lal.85sr0.15cu0.99zn0.01o4 


27.9 


0.37951 


1.3219 


0.190384 


739 


968 


Lal. 85 sro. 15 cuo. 98 zno .0204 


17.5 


0.37879 


1.3251 


0.190129 


664 


962 



We should add that the log-normal plot usually used to approximate the 
shape of powder grain size distribution gave worse approximation than the 
function used by us (especially for the small grain size values). 

Temperature dependence of penetration depth derived from ac susceptib- 
ility measurements for the samples from the underdoped and optimally doped 
regions (except from the samples with x = 0.125 composition) is presented in 
Fig. 4a. This dependence is linear below about 0.5Tc for both \at and Ax for 
all the samples as is expected for the material with the nodes on the Fermi 
surface. Such linear behavior was already observed in LaSrCuO by muon spin 
rotation technique [31]. It was also observed for other high temperature su- 
perconductors [4,12]. 

For the samples with strontium content equal to x = 0.125, linear be- 
havior is not observed down to the lowest temperature used, i.e. about 4 K. 
Low temperature behavior of both in-plane and out-of-plane penetration 
depth can be satisfactorily fitted by a polynomial of the third order. It is 
depicted in Fig. 4b. 

Also for the samples from the overdoped region linear temperature de- 
pendence of penetration depth is not observed. The in-plane component of 
penetration depth can be satisfactorily described by a fifth order polynomial 
and the out-of-plane component - by a seventh order one (Fig. 4c). Nev- 
ertheless, it should be admitted that fitting with polynomials of such high 
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Fig. 3. An example of histogram of the grain size distribution for sample of 
Lai.85Sro.i5Cu04 , measured from SEM photographs of sections perpendicular to 
the orienting magnetic field. Solid curve is distribution function which parameters 
were taken for penetration-depth evaluation 



orders differs only marginally from the exponential behavior. Therefore, the 
samples from the overdoped region may represent BCS-type behavior. 

So whereas for under- and optimally-doped samples the existence of d- 
wave pairing existence is supported by our measurements, BCS-type behavior 
is observed rather for the samples from the overdoped region. Such behavior 
agrees with expectations resulting from the Bose-Einstein to BCS crossover 
picture suggested by Uemura [45] (see also paper by Y.J.Uemura presented 
in this volume, p. 193). 

We have obtained extrapolated to zero temperature penetration depth 
values. Its dependence on strontium concentration is presented in Fig. 5. The 
obtained values for Aat(O) are similar to those presented by Locquet et al. 
[32]. There are few features of these dependences which are not obvious. 

For underdoped samples the in-plane penetration depth decreases with 
the increase of the carrier number, but for overdoped region it starts to 
increase again. Such an effect was first reported by Locquet et al. [32] and 
showed that in the overdoped state, despite the increase of the number of 
charge carriers, the density of superconducting carriers may decrease and/or 
their effective mass may increase. Such an increase of the effective mass of the 
carriers was postulated by us [51] to explain the results of our measurements 
of penetration depth of zinc- and nickel-substituted Lai. 85 Sro,i 5 Cu 04 . 
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Temperature [K] 

Fig. 4. a Temperature dependence of the penetration depth of La 2 -iSrxCu 04 for 
X = 0.08, 0.1, and 0.15 (reduced values) 



The out-of-plane penetration depth increases with strontium content in 
the underdoped range and slightly decreases in the overdoped one. 

For the samples with composition Lai.875Sro,i25Cu04 , both in-plane and 
out-of-plane penetration depths are much greater than that for other com- 
positions reflecting the fact that just for this composition the critical temper- 
ature is suppressed. It is probably connected both with the low temperature 
structural phase transition and with static order of the stripes correlations of 
holes and spins, discovered by Tranquada et al. [46]. In the case of existence 
of regular pattern of normal and superconducting stripes, it is obvious that 
the effective penetration depth increased. The fact that Xab increased more 
strongly than A_l supports our view that the part of evaluated Aj_ , which 
is connected with the screening currents flowing within the CuO planes, is 
rather meaningful. 

Extrapolated to zero temperature penetration depth on strontium doping 
dependences are pretty well described by a quadratic function (of course with 
the exception of a: = 0.125). 

The dependence of critical temperature on strontium concentration is 
presented in Fig. 6 together with the same dependence of the anisotropy of 
the penetration depth defined as Ax(0)/Aofc(0). It is seen that both critical 
temperature and penetration depth anisotropy dependences follow similar 
trends. It is well established that transition temperature Tc is proportional 
to the density of superconducting carriers and inversely proportional to their 
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Fig. 4. b Tenaperature dependence of the penetration depth of La 2 -iSriCu 04 
for X = 0.125 (reduced values). Also polynomial fits to the measured points are 
presented 



effective mass ns/m* in the underdoped region [11,47] (so-called Uemura 
plot). For overdoped material this proportionality breaks up, what may im- 
ply that apart of increase of density of carriers with doping there is also 
increase of their effective masses in this region. We should remind that the 
Uemura plot was constructed from the results obtained by positive muon 
rotation technique, which probes only superconducting a6-planes, so is re- 
sponsible for \ab only. The increase of the effective mass of carriers within 
the ai)-planes is equivalent to the decrease of the penetration depth aniso- 
tropy (if defined as we did, i.e. Aj_(0)/Ao6(0)). As for overdoping region the 
critical temperature also diminishes, it is not surprising that both and 
Aj_(0)/Aa6(0) have similar doping dependence. 

The anisotropy of the penetration depth is highest for optimally doped 
samples and decreases for under- and overdoped branches of the dependence. 
It is consistent with the crossover between Bose-Einstein to BCS picture 
proposed by Uemura [45]. The increase of the anisotropy with doping (there 
is no Bose-Einstein condensation (BEG) in purely 2D systems) decreases the 
temperature of BEG and drives it close to that one resulting from the BGS 
theory just for the optimally doped samples. 

For the strontium composition equal to |, the anisotropy is smallest of 
all the samples. Apparently for Lai.875Sro.i25Gu04 the deviation from the 
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Fig. 4.C Temperature dependence of the penetration depth of La 2 -a;SriCu 04 for 
X = 0.2 (reduced values). Also polynomial fits to the measured points are presented 




Fig. 5. Extrapolated to zero temperature penetration depth values as the function 
of strontium content {solid lines are quadratic fit to the measured points — except 
for X = 0.125 - and are guides for an eye only) 
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Strontium content x 

Fig. 6. Critical temperature {left scale) and anisotropy of the penetration depth 
Ai,/Aa6 (multiplied by the factor of 15 - right scale) dependence on strontium 
content {solid lines cire quadratic fit to the measured points except for x = 0.125 
and are guides for an eye only) 

optimal composition is connected with the increasing level of isotropisation 
of the penetration depth in the material. 

The first results of the penetration depth anisotropy measurements for 
La 2 -iSrj;Cu 04 were presented by Shibauchi et al. [34]. They have employed 
surface impedance method for measurements of small single crystals with 
typical dimensions 1 x 1 x 0.2 mm^, having large faces parallel and perpen- 
dicular to the ab planes (cut from bigger crystals). Critical temperatures of 
their samples were lower than previously published for crystals used by them 
[48] and known from other papers [33]. They have not found the traces of 
critical temperature suppression for their sample with composition x = 0.12, 
which was usually found by other authors [10,33,49]. 

The values of in-plane penetration depths obtained by Shibauchi et al. 
[34] are very similar to the discussed in our paper. They have found that 
the temperature dependence of Xab is roughly explained by the local, clean 
limit BCS theory, while in contrast Ac behavior is consistent with Josephson- 
coupled layer model. The anisotropy measured by them was the decreasing 
function of the strontium content, and changes from about 25 for strontium 
content equal to a; = 0.09 to about 10 for x = 0.19. 

Our results for the out-of-plane penetration depth Ax(0) are lower than 
obtained by Shibauchi et al. - Ac(0). We are not convinced that the contri- 
butions of Xab and Ac in measured out-of-plane penetration depth are equal. 
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as suggested by Shibauchi et al [34], This assumption may be one of the 
sources of discrepancies between our results. The other source may be the 
Schibauchi’s single crystals enhanced demagnetization factor which would be 
very difficult to assess, especially for the case when larger faces of the samples 
were parallel to the magnetic field direction. 

The anisotropy of resistivity mea.sured for the samples used in Shibauchi ’s 
study by Kimura et al. [48] was much higher then the penetration depth ones 
and equal to about 4000 for strontium content x = 0.06 and about 160 for 
X = 0.266. So also results obtained by Shibauchi et al. for penetration depth 
anisotropy are unexpectedly low. We think that the reason of it is similar 
both in their and our case. The difference between us may be caused by 
the different kind of samples used and different method employed to study 
penetration depth behavior. 

A much lower value of the anisotropy of penetration depth in 
Lai.85Sro.i5Cu04 was also obtained by Uchida et al. [33]; i.e. about 2-5 times. 
But the authors obtain these results by comparing out-of-plane penetration 
depth derived from optical reflectivity spectra with the in-plane values meas- 
ured by positive muon relaxation rate by Uemura et al. [50]. In their case 
anisotropy was also decreasing function of doping. 

Although the values of our Ax and Shibauchi’s Ac were different, their 
temperature and composition dependence should be rather similar. But we 
definitely did not observe the BCS-type behavior of the temperature depend- 
ence of the in-plane penetration depth, not only for optimally doped material 
but for all underdoped one. The anisotropy of penetration depth measured 
by us is also not a decreasing function of strontium content as presented 
by Shibauchi et al. [34], but has shape of critical temperature on strontium 
concentration dependence. This behavior was in fact one of the reasons for 
carrying out of the present study and presenting their results. 

Prom the results presented above and from that of our previous paper [51] 
we can state that in underdoped state the penetration depth is connected with 
the changes of superconducting charge carriers density, while for overdoped 
region also interaction between the charge carriers, i.e. their effective masses 
should be taken into account. 

In conventional superconductors magnetic ions such as nickel are strong 
pair-breakers, while nonmagnetic ions such as zinc have a minor effect on 
Tc . Prior to discussing the influence of substitution into copper site it is 
important to remember that the localized spins are present on the Cu+^ 
ions and exhibit dynamic antiferromagnet intralayer order throughout the 
metallic and insulating composition regimes [52]. 

The dependences of the critical temperature Tc (defined as the onset of 
the magnetic transition) upon the Zn and Ni concentrations are presented in 
Fig. 7 and Table 1. The critical temperature decreases linearly in both cases 
but with different slope, namely — 4.1K/at% for Ni and — 15K/at% for Zn. 
Similar to the behavior in YBa 2 Cu 307 _i , the effect of zinc substitution on 
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Tc is about three times stronger than in the case of nickel [53]. This behavior 
is different from what is observed in conventional superconductors. In our 
view, this clearly supports the idea that substitution by nonmagnetic Zn is 
nevertheless connected with the induction of a static magnetic moment on 
the Zn-substituted site [54]. A substituted nonmagnetic zinc atom removes 
a Cu^+ spin and causes its closest Cu neighbors to have partially noncom- 
pensated magnetic moments. Nickel, carrying a magnetic moment after sub- 
stituting copper, introduces only a partial, incremental moment, which may 
be maximally equal to the difference between Ni and Cu. Thus, substitu- 
tion of copper by magnetic nickel effectively disturbs the Cu 02 plane less 
than substitution by nonmagnetic zinc. Thanks to these noncompensated Cu 
moments around the Zn ion, the area around a zinc impurity also may be 
excluded from superconductivity, leading to phase separation as in the “Swiss 
cheese” model [30]. It is important to bear in mind that since both Zn and Ni 
have a very similar effect on the normal-state resistivity, their normal-carrier 
scattering potential is evidently quite similar [55]. 




Fig. 7. Critical temperature vs substituent concentration. Solid lines are linear fits 
to the measured points 

Substitution of copper by nickel or zinc changes the exponent n of the 
power law describing the low-temperature behavior of the penetration depth 
[Aj(T) - Aj(0)]/Ai(0) = AT". This is depicted in Fig. 8a and b, where the 
normalized penetration depths are plotted below 20 K on logarithmic scales 
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for nickel (Fig. 8a) and zinc (Fig. 8b) substitutions. For nickel, the exponent n 
changes from one for the unsubstituted sample (Fig. 4a) to about four for a Ni 
concentration of 3.5 at%. For zinc, these changes are stronger; n varies from 
one for the unsubstituted sample (Fig. 4a) to about five for a Zn concentration 
of 2 at%. The exponent n varies nearly linearly with Ni or Zn concentration, 
with a slope of about 1 per at% of nickel and about 2.5 per at% of zinc. 




Fig. 8. a Double logarithmic plots showing the normalized penetration depths Xab 
and A_l vs temperature for Lai.85Sro.i6Cui-j,Ni^04 



Values of the penetration depths Aa6(0) and Ax(0) for magnetic fields 
parallel and perpendicular, respectively, to the c-axis, extrapolated to zero 
temperature, are summarized in Table 1 for our samples of Lai.85Sro.i5Cu04 
substituted with Ni and Zn. The difference between the zinc- and nickel- 
substitution influence on the superconducting properties of Lai, 85 Sro,i 5 Cu 04 
is seen more clearly in Fig. 9a and b, where the penetration depths Aai,(0) and 
Ax(0) for the two substituents are compared. 

Substitution of nickel first increases the in-plane penetration depth Xab 
and then, for concentrations above 1.5 at%, decreases it. In contrast, Ax 
first decreases and above 1.5 at. % of Ni, increases again. It appears that 
Tc decreases in substituted Lai. 85 Sro,i 5 Cu 04 because the substituents act 
as impurities, which shorten the mean free path of the carriers. This mean- 
free-path shortening (see (1)) leads to the initial increase of the penetration 
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Temperature [K] 

Fig. 8 .b Double logarithmic plots showing the normalized penetration depths Xab 
and Ax vs temperature for Lai,85Sro.i5Cui_yZny04 



depth Xab ■ The subsequent decrease of Xab can be explained by the decoup- 
ling of Cu02 planes. 

It has been shown [56] that, for tetragonal non-chain superconductors 
with a gap order parameter of symmetry, the c-axis hopping integral 

is a function of the in-plane momentum. This hopping integral is vanishingly 
small along the c-axis in the vicinity of gap nodes in clean systems. In the 
case of induced disorder, if the impurity scattering is anisotropic, impurity- 
assisted hopping [57] might be more important than coherent hopping, and 
a new conduction channel can be opened, which has a direct contribution to 
the c-axis superfluid density [56]. In our opinion, this mechanism can explain 
the observed initial decrease for nickel-substituted Lai.85Sro.i5Cu04 . 

It was also stated in [56] that in the case of a superconductor with d-wave 
order-parameter symmetry, the disorder connected with substitution has op- 
posite effects on the superfluid response in the a5-plane and along the c-axis. 
Thus, changing the impurity concentration should have opposite effects upon 
the in-plane penetration depth Xab and the out-of-plane penetration depth 
Ac (and hence Ax)- This is just what is observed for nickel substitution. The 
initial increase of Xab with Ni addition evidently is connected with the de- 
crease of Ax; and for large Ni content y, the decrease of Xab is accompanied 
by an increase of Ax • It seems that nickel influences the superconducting 
properties of Lai,85Sro.i5Cu04 by acting as a simple impurity scatterer. 
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0,00 0,01 0,02 
Substituent content y 



Fig. 9. Penetration depth, extrapolated to zero temperature, vs substituent content 
for (a) Zn- and (b) Ni-substituted Lai,86Sro.i5Cu04 



The character of changes in Xab is similar for both substituents, although 
zinc additions have a much stronger effect upon the penetration depth (see 
Fig. 9b). It is known [58] that in overdoped material, superconductivity can 
be strongly suppressed by electron-electron scattering, which may be in- 
terpreted as a change of the effective mass of the electrons. Zinc doping, 
shifting the material to the underdoped region, also causes a decrease of elec- 
tron interaction, reduction of the effective mass and some decrease of the 
in-plane penetration depth. 

The main qualitative difference between the influence of both substituents 
on superconductivity in Lai.85Sro.i5Cu04 is seen in the behavior of Aj. {H J. 
c) (Fig. 9b). Substitution of zinc increases the effective penetration depth 
very strongly, even for low doping levels. 

From the paper of Nachumi et al. [30] it is seen that Lai.85Sro.i5Cu04 may 
be treated as overdoped and that increasing the zinc concentration shifts the 
compound towards the universal Tdris) curve, i.e. towards underdoped region 
(the “Swiss cheese” effect). It also proves that, in spite of the fact that zinc 
substitution is isovalent, there are still changes of the effective superconduct- 
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ing carrier concentration. So \±{y) behavior is easily understood. Normal 
micro-regions created in the vicinity of substituents decrease the coupling 
between the Cu 02 planes, increase the out-of-plane penetration depth Ac , 
and hence increase the effective penetration depth Ax . 

It is interesting to compare the changes of the penetration-depth aniso- 
tropy produced by Ni and Zn substitution. These are plotted in Fig. 10 as 
(Ax — Ao(,)/Aa(, vs Ni or Zn concentration. Quadratic fits to the measured 
points are presented for Ni (dashed curve) and Zn (solid curve). What is sur- 
prising is that both fitting curves are almost the same within experimental 
error. The penetration-depth anisotropy first decreases, almost vanishes for 
about 1.5% of substitution, and then increases. The magnitude of the penet- 
ration depth in zinc-substituted samples is almost twice as high as in nickel- 
substituted ones. The morphology of both sets of samples is the same, and the 
mean grain radius is also similar. It appears that both impurities change the 
anisotropy of the penetration depth almost identically, independent of their 
magnetic properties. This is a surprising fact, especially if one compares the 
very different behaviors of Ax shown in Fig. 9. 




0,00 0,01 0,02 0,03 0,04 

Substituent content y 

Fig. 10. Penetration-depth anisotropy defined as (Ax— Aa6)/Aa6 (see Fig. 9), vs sub- 
stituent concentration in Ni- and Zn-substituted Lai.85Sro.i5Cu04 . Dashed curve: 
quadratic fit to measured points {open circles) for nickel substitutions; solid curve: 
quadratic fit to measured points {closed circles) for Zn substitutions 
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The existence of a minimum in the penetration-depth anisotropy vs tem- 
perature can be inferred from theoretical papers dealing with c-axis prop- 
erties of cuprates [56,57]. It may appear in high-Tc materials, in which the 
order parameter possesses either s-wave or d-wave symmetry. For s-wave- 
type materials, the minimum should be rather flat and appear above 0.5Tc , 
whereas for superconductors with order parameters of d-wave symmetry, the 
minimum should be more pronounced, appearing below 0.5Tc . Thus, the ex- 
istence of the minimum of anisotropy on substituent content is not surprising. 
What is unexpected is the fact that, for substituents whose influence on su- 
perconductivity is so very different, the minimum in the penetration-depth 
anisotropy occurs at the same concentration in Lai.85Sro.i5Cuo,985M3.oi504 . 

It is seen that the penetration depth anisotropy of zinc- and nickel- 
substituted Lai.85Sro.i5Cu04 is not connected with the value of the critical 
temperature. Since we have used isovalent substitutions of copper, the dens- 
ity of charge carriers should be the same for all samples studied. However, 
the density of carriers taking part in superconductivity may vary if the mean 
free path is changed by impurities or if strong magnetic (or other) pair- 
breaking exists. 



4 Conclusions 



In summary, we have evaluated penetration depth in La2_a;SrxCu04 for 
X = 0.08, 0.1, 0.125, 0.15, and 0.2 from AC susceptibility measurements of 
magnetically aligned single-crystalline powders. We found that temperature 
dependence of both in-plane and out-of-plane penetration depth is the lin- 
ear function for the samples from underdoped region. The exceptions are the 
samples with x = 0.125. Their penetration depth on temperature dependence 
may be described by the polynomial of third order. For overdoped samples 
exponential behavior of both Xab{T) and X±{T) is observed. Such behavior 
was expected from Uemura model [45] of crossover from Bose-Einstein con- 
densation to BCS-type mechanism of superconductivity. Extrapolated to zero 
temperature penetration depth may be described by a simple quadratic func- 
tion of strontium content, except for the concentration x = 0.125. Samples 
with this composition behave as if made from different material. The aniso- 
tropy of the penetration depth follows the critical temperature on strontium 
concentration dependence. 

The influence of isovalent substitution of Zn and Ni for Cu upon the penet- 
ration depth in magnetically oriented, ceramic powders of Lai.85Sro.i5Cu04 
was studied for a broader range of concentrations than has been reported 
in the literature. 

Similar to the behavior in YBa2Cu307 , substitution of Zn for Cu in 
Lai.85Sro,i5Cu04 reduces the critical temperature more strongly (by a factor 
of about three) than does substitution of Ni. Such behavior may be explained 




250 A. J. Zaleski and J. Klamut 



in the framework of the “Swiss cheese” model [30] in the case of zinc substi- 
tution and simple impurity scattering in the case of nickel. 

The temperature dependence of the penetration depth is linear for low 
temperatures in unsubstituted material. For nickel- and zinc-substituted 
Lai.85Sro.i5Cu04 , however, the temperature dependence is still described 
by a power law (T"), but with an exponent n different from unity. The de- 
pendence of n upon the substituent concentration is stronger for zinc than 
for nickel, by more than a factor of two. 

The in-plane penetration depth \ab {H\\c), extrapolated to zero temper- 
ature, has a similar concentration dependence for both Ni and Zn, although 
the underlying physics of this behavior may be quite different. A qualitative 
difference was found for the influence of Ni and Zn on the effective penet- 
ration depth Aj_ {H ± c). The behavior of the nickel-substituted samples 
can be explained by the influence of impurity scattering. To account for the 
influence of zinc on the penetration depth, however, the idea of an effective 
mass change in under- and over-doped compounds has to be employed. 

We have found that nearly the same quadratic law describes the pene- 
tration-depth anisotropy vs substituent concentration for both Zn and Ni. 
From our study, it appears that magnetic nickel acts simply as an impurity, 
decreasing the mean free path of carriers within the Cu02 planes and increas- 
ing impurity-assisted hopping between the planes [56]. Our results support 
the “Swiss cheese” model [30], in which some area around each Zn impur- 
ity is excluded from superconductivity. This might be connected with the 
ability of zinc atoms to effectively suppress spin fluctuations [59]. To explain 
the properties of zinc- and nickel-substituted Lai.85Sro.i5Cu04 , we found it 
necessary to treat this superconductor as having d-wave pairing. 

Our observation of a minimum in the penetration-depth anisotropy vs 
substituent content suggests that a complete theory of high-temperature su- 
perconductivity must account not only for the impurity concentration and 
the kind of impurities but also for the anisotropy of the effective mass of the 
carriers. Since different physical mechanisms have different influences on the 
effective mass components {mat parallel and rric perpendicular to the Cu02 
planes) , they lead not only to different temperature dependences predicted in 
[57] but also to different dependencies on the impurity concentration. This, 
evidently, is the reason for a minimum of the penetration-depth anisotropy 
vs temperature [57] and vs impurity concentration (we found this to occur 
for ajmin ^ 1.5%). According to our measurements, the effective masses rriab 
and rric have different impurity concentration dependencies. We believe that 
taking into changes of both the effective mass and the density of excitations 
will permit a more effective interpretation of the phenomena connected with 
high-temperature superconductivity. 

Our results also show that coupling between the Cu02 planes plays an 
important role in the high-temperature superconductors. 
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Abstract. Experiments demonstrating the structural sensitivity of the transport 
properties of the high-Tc copper oxides are reviewed. The superconductive phase is 
an intermediate phase appearing between an antiferromagnetic parent phase and 
a metallic phase. Transitions between localized and itinerant electronic behavior 
are first-order, and the normal state of the superconductive phase exhibits unusual 
transport properties resulting from strong electron-lattice interactions; there is no 
evidence that the transport properties are influenced by changes in the spin system. 
A model in which itinerant vibronic states become increasingly stabilized with 
decreasing temperature is proposed. 

1 Introduction 

High-Tc superconductivity in the cuprates is found in a distinguishable 
thermodynamic phase located between a phase exhibiting localized-electron 
behavior and one exhibiting Fermi-liquid itinerant-electron behavior. The 
transition from localized to itinerant electronic behavior is first-order, so we 
may anticipate that strong electron-lattice interactions play a critical role in 
stabilizing the superconductive phase and in imparting to the normal state 
of this phase its unusual transport properties. Here we review briefly the 
sensitivity to structural changes of the normal-state properties of the super- 
conductive phase in (a) ceramic samples of La 2 _xBa 2 ,Cu 04 (b) single-crystal 
YBa 2 CuOs , and (c) single-crystal Aims of Lai,85Sro.i5Cu04 . 

2 Background 

A hallmark of the superconductive state has been the opening of an energy 
gap at the Fermi energy within a partially filled itinerant -electron band, and 
the copper-oxide superconductors exhibit this property. On the other hand, 
the transport properties of the electrons in the normal state are not well- 
described with the conventional Boltzmann approximation. 

The superconductive cuprates all have layered structures with strongly an- 
isotropic transport properties, which mandates single-crystal measurements 
for any definitive test of the conventional Boltzmann description of the res- 
istivity. Figure 1 shows the temperature dependence of the basal-plane res- 
istivity p{T) for a defect-free, single-crystal Lai.85Sro.i5Cu04 film grown by 
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molecular-beam epitaxy on a LaSrA104 substrate [1]. The La2-xSra;Cu04 
system has no charge reservoir; all the mobile charge carriers reside in the 
basal-plane Cu02 sheets, which are parallel to plane of the film. From 100 K 
to room temperature, the curve is perfectly linear, and this linear temper- 
ature dependence has been shown [2] to extend above room temperature to 
resistivity values that exceed the theoretical upper limit corresponding to one 
Cu-O-Cu distance for the mean-free path between scattering events. This 
behavior contrasts with the high-temperature breakdown of the Boltzmann 
approximation in NbsSn and NbsSb, insert of Fig. 1; the p{T) curves for 
these A15 alloys bend over on approaching this upper limit and never cross 
it [3]. Moreover, extension of the p{T) curve of Fig. 1 to low temperatures 
does not follow the Bloch-Griineisen function, but extrapolates to zero near 
T = OK. These data indicate that the conventional scattering mechanism of 
the Boltzmann approximation is not applicable to the high-Tc cuprates. 




Fig. 1. Basal-plane resistivity Pab{T) for a single-crystal film of Lai. 86 Sro.i 5 Cu 04 
on a LaSrA 104 substrate. Inset: p(T) data for NbsSn and NbsSb, after Ref. [3] 



Although the thermoelectric power of polycrystalline samples fails to por- 
tray the anisotropic character of the electronic transport, the measurement 
is reliable and provides additional evidence of an unusual electronic behavior 
in the superconductive cuprates. Figure 2 shows a typical temperature de- 
pendence of the thermoelectric power a{T) for an underdoped (0 < a: < 0.1) 
and an optimally doped (x = 0.15) polycrystalline sample of La2-xSrxCu04 . 
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In this system, only the Cu02 sheets contribute to a{T). In the underdoped 
compositional range, a temperature-independent a{T) is found above about 
240 K, Fig. 2(a), and this behavior extends to well above room temperature. 
A temperature-independent a{T) is characteristic of polaronic behavior in 
which the statistical term dominates the transport term. However, the mag- 
nitude of a(300K) is reduced from the value calculated for small polarons; it 
is necessary to use a fractional site occupancy c = xN/N' where N'/N « 5, 
dashed line of Fig. 3 [4]. These data indicate that the nonadiabatic polarons 
are not small, but contain about 5 copper centers. Calculation [5] has shown 
that this unusual phenomenon could be due to a cooperative pseudo-Jahn- 
Teller deformation of the copper sites. 




Fig. 2. Thermoelectric power a{T) for polycrystalline La 2 -xSriCu 04 with (a) x = 
0.05 and (b) x = 0.15 
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Fig. 3. Room-temperature thermoelectric power for the system La 2 -iSrxCu 04 . 
Dashed lines are theoretical, see text 



Curves similar to 2(a) are found for underdoped La2Cu04+i samples in 
which a spinodal segregation into the parent antiferromagnetic and the super- 
conductive phases occurs below room temperature as a result of a segregation 
into regions poor and rich in the interstitial excess oxygen [6,7]. Comparison 
of the a{T) data for La2-a;Sra;Cu04 and La2Cu04+<5 indicates that a similar 
spinodal segregation occurs in underdoped La2-a;Sra,Cu04 , 0 < x < 0.1; but 
in this case, phase segregation must be accomplished by cooperative oxy- 
gen displacements since the atoms on regular crystallographic positions are 
not mobile at and below room temperature [8]. These cooperative oxygen 
displacements may allow for mobile phase boundaries, which would account 
for the remarkable isotope effect on the EPR signal that is reported at this 
conference [9] to occur in the normal state in the doping range 0 < x < 0.10. 

The a(T) curve for the optimally doped sample. Fig. 2(b), also has 
a nearly temperature-independent a{T) above room temperature (not 
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shown) [8]. However, Fig. 3 shows that the magnitude of a(300K) deviates 
from both the polaronic curve applicable in the range 0 < x < 0.10 and 
the Fermi-liquid curve that is approached in the overdoped samples with 
X < 0.25. Moreover, an enhancement below room temperature has a broad 
maximum at about 140 K, which is too high for a conventional phonon drag. 
This unusual enhancement is a characteristic feature only of the normal state 
of superconductive sheets and chains in the copper oxides [10]. Since the su- 
perconductive phase appears to be thermodynamically distinguishable [8], 
the anomalous enhancement is not to be associated with a phase segregation, 
but rather with some unidentified electron-lattice interaction. 

In summary, the transport properties of the system La2-xSra,Cu04 re- 
flect the electronic behavior of the Cu02 sheets without interference from 
a charge reservoir. They indicate the formation of intermediate-size, non- 
adiabatic polarons at higher temperatures and, in the range 0 < x < 0.10, 
a spinodal, dynamic phase segregation at lower temperatures, into the antifer- 
romagnetic parent phase and a thermodynamically distinguishable supercon- 
ductive phase. The normal state of the superconductive phase shows unique 
p{T) and a{T) behaviors that appear to reflect unusual electron-lattice in- 
teractions. Consistent with this interpretation is a remarkable sensitivity of 
these transport properties to changes in structure, as we now illustrate with 
three specific examples. 



2.1 Polycrystalline La 2 _a.Baa.CuO 4 

The phase diagram for the system La2_xBaaCu04 , Fig. 4, shows a non- 
metallic low-temperature-tetragonal (LTT) phase below 60 K in a narrow 
compositional range 0.11 < x < 0.15. The La2_xSra;Cu04 system has only 
the high-temperature-tetragonal (HTT) and low-temperature-orthorhombic 
(LTO) phases. In the LTO phase, the CuOe octahedra rotate cooperatively 
about the [110] axis and in the LTT phase they rotate in alternate CUO2 
sheets about [100] and [010] axes, respectively. At atmospheric pressure, su- 
perconductivity is suppressed in the range x = 0.12 — 0.13. Suppression of 
the superconductivity at x « 1/8 [11] has been correlated [12] with the ap- 
pearance below Tn of an antiferromagnetic spin-density wave (SDW) and 
a charge-density wave (CDW) of half the wavelength of the SDW. The CDW 
is in the form of hole-rich and hole-poor stripes oriented in alternate Cu02 
sheets along [100] and [010] axes. The CDW is commensurate with the lat- 
tice at X = 0.12, and the cooperative rotations of the CuOe octahedra are in 
a direction that pins the stripes. However, superconductivity reappears under 
hydrostatic pressure [13], Fig. 5(b). Pressure straightens the (180° - ip) Cu- 
0-Cu bond angle in the Cu02 sheets and consequently depins the stripes. 

Figure 5 shows the resistance R{T) and the thermoelectric power a{T) 
under different hydrostatic pressures for x = 0.11 and x = 0.12. The x = 0.10 
sample remains in the LTO phase to lowest temperatures. Figure 5(a) shows 
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Fig. 4. Phase diagram for La 2 -iBaiCu 04 : HTT = high-temperature tetragonal, 
LTO = low-temperature orthorhombic, LTT = low-temperature tetragonal 



that pressure increases and also a(300K) in this underdoped composi- 
tion, which suggests that pressure stabilizes the trapping of polarons from 
the hole-poor phase into the superconductive phase to increase the volume 
of the hole-rich phase. On the other hand, the a: = 0.12 sample undergoes an 
LTO/LTT phase transition on cooling below 60 K under atmospheric pres- 
sure. The onset of this transition correlates with the minimum in the R{T) 
curve and a drop in a(T) to negative values. As can be seen in Fig. 5(b), 
pressure restores superconductivity within the LTT phase. Similarly, in the 
manganese-oxide perovskites Lai_xSra,Mn 03 with x ~ 1/8, pressure sup- 
presses charge and orbital ordering into a static CDW [14]. By analogy, we 
presume that pressure also suppresses stabilization of th^ static CDW in 
La 2 _xBaxCu 04 with z « 1/8. Stabilization of a CDW demonstrates the pres- 
ence of a strong electron-lattice coupling, and it follows that identification of 
superconductivity with a depinning of the stripes indicates that a dominant 
feature of the superconductive phase is strong coupling of the conduction elec- 
trons to dynamic, cooperative oxygen displacements as in a traveling CDW. 
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T(K) 

Fig. 5. (a) The resistance R(T) and thermoelectric power a(T) under different 
hydrostatic pressures for Lai, 89 Bao.iiCu 04 



2.2 Single-Crystal YBa 2 Cu 40 g 

The structure of YBa2Cu40g , illustrated in Fig. 6, contains pairs of edge- 
shared chains of Cu atoms in square-coplanar oxygen coordination between 
Ba0-Cu02-Y-Cu02-Ba0 layers with Cu atoms in square-pyramidal oxy- 
gen coordination [15]. The o-axis resistivity Pa(T) and thermoelectric power 
aa{T) represent transport properties of the Cu02 sheets; the 5-axis para- 
meters Pb{T) and ab{T) are a measure of the sum of chain and sheet con- 
tributions. As-grown YBa2Cu40s crystals are naturally detwinned and stoi- 
chiometric with 0.25 holes in the Cu(lII) / Cu(II) couple. Distribution of the 
holes between the chain and sheet Cu atoms leaves the Cu02 sheets under- 
doped. Our single crystal of YBa2Cu40g was thin in the c-axis direction, so 
we report c-axis resistance Rc{T) rather than resistivity Pc(T). Three issues 
motivated our study of this crystal [16]. We wished (1) to check whether 
a weak anomaly in Pa(T) reflects the opening of a spin gap, as has been spec- 
ulated in the literature; such an association would support the contention 
that the high-Tc phenomenon is driven by magnetic-exchange interactions 
rather than electron-lattice interactions; (2) to determine the relative con- 
tributions of the Cu02 sheets and the double chains to the normal-state 
transport properties; and (3) to confirm electron transfer from the sheets to 
the chains under hydrostatic pressure as has been assumed to account for the 
large increase in Tc with pressure. 
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Fig. 5. (b) The resistance R{T) and thermoelectric power a(T) under different 
hydrostatic pressures for Lai, 88 Bao,i 2 Cu 04 




Fig. 6. Schematic of the YBa2Cu408 structure. Small full circles are Cu, larger full 
circles Ba, and hatched circle - Y. Oxygen atoms occupy positions at intersections 
of lines 
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Figure 7 shows p{T) and a{T) curves for the o, b, and c-axes of 
YBa 2 Cu 40 s under different hydrostatic pressures. A remarkable anisotropy 
of the transport properties is evident. Whereas Pb{T) is typical of a metal, 
Pa{T) undergoes a change of slope near 160 K. It is obvious that the chain 
conductivity is much higher than that of the sheets, which makes the chain 
contribution dominant along the 6-axis to render Pb{T) <C Pa(T). As a res- 
ult, the contribution to ab{T) from the chains dominates the contribution 
to ab{T) from the sheets. The magnitude of aa(300K) is a measure of the 
concentration of mobile holes in the Cu02 sheets, and a daa (300 K) / dP < 0 
confirms that pressure induces electron transfer from the underdoped sheets 
to the chains to give the large dTc/ dP » 0.57K/kbar that is observed. In 
the interval Tc <T < 300 K, a(T) is dominated by the unusual enhancement 
term Sa{T) having a maximum magnitude near 140 K. It is evident that both 
the positive 6aa{T) from the Cu02 sheets and the negative 6ab{T), which 
reflects the dominant chain contribution, are amplified as Tc increases with 
pressure. This observation adds to the considerable evidence that this Sa{T) 
enhancement is associated with the high-Tc phenomenon; the Sa{T) indicates, 
therefore, that the chains as well as the Cu 02 sheets become superconductive 
below Tc . 




Fig. 7.(a) The resistivity p(T) and thermoelectric power q(T) curves under differ- 
ent hydrostatic pressures for single-crystal YBa2Cu4 0s measured along the a-axis 
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T(K) 

Fig. 7.(b) The resistivity p{T) and thermoelectric power a{T) curves under dif- 
ferent hydrostatic pressures for single-crystal YBa 2 Cu 40 s measured along the h- 
axis. Insets show pb{T) and zero-resistance temperature To for Ibax, 6.3kbar, and 
13.8 kbar 



The spin-gap temperature T*, identified by NMR [17], decreases strongly 
with increasing hole concentration in the Cu02 sheets. Therefore we can test 
whether the anomaly in Pa{T) reflects an opening of the spin gap by changing 
the oxidation state of the Cu02 sheets. Significantly, the anomaly in Pa{T) 
remains independent of pressure whereas pressure oxidizes the Cu 02 sheets, 
increasing the hole concentration. We [18] have also reduced the Cu02 sheets 
by doping a YBa2Cu408 crystal with Ni. Increases in Pb{T) and at,{T) indic- 
ate that the Ni dopant enters preferentially the chain sites as low-spin Ni(III) . 
An increase in Qfc(300K) confirms that the Cu02 sheets are reduced, and Tc 
is correspondingly lowered. Nevertheless, the anomaly in Pa{T) remains near 
160 K; it is not changed by either reduction or oxidation of the Cu02 sheets. 
Moreover, a{T) shows no anomaly at T « 160 K as should appear if the open- 
ing of a spin gap opened a pseudo gap at the Fermi energy. Therefore, we 
conclude that the anomaly in PaiT) is not associated with the opening of the 
spin gap. On the other hand. Fig. 7(a) shows, on cooling, an onset at 160 K 
of a transition in Pc{T) from a semiconductive to a metallic temperature de- 
pendence; the decrease in Pa{T) on cooling below 160 K is accompanied by 
a decrease in Pc{T). Pair-density-function (PDF) analysis of pulsed neutron 
data [19] has revealed the onset of microdomain fluctuations in the chains 
below 160 K; these fluctuations may reflect a coupling between fluctuating 
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T(K) 

Fig. 7. (c) The resistance Rc(T) and thermoelectric power a{T) curves under 
different hydrostatic pressures for single-crystal YBa 2 Cu 40 s measured along the 
c-axis 



CDW segments in the chains and sheets as they become more ordered at 
lower temperatures. 

2.3 Single-Crystal La 2 _a;Sra.Cu 04 Films 

A broad solid-solution range a: = 0 - 0.3 in the system La2_a;Sra;Cu04 allows 
doping from the antiferromagnetic parent phase to the non-superconductive 
overdoped phase. The LTO-HTT transition drops to lowest temperatures 
near x = 0.22 where the overdoped phase coexists with the superconduct- 
ive phase [20]. High pressure stabilizes the HTT phase relative to the LTO 
phase, and Tc in the LTO phase has been found to increase with pressure 
until the Cu-O-Cu bond angle in the Cu02 sheets becomes 180° in the tet- 
ragonal phase. For a given x, Tq reaches its maximum value, independent of 
hydrostatic pressure, in the HTT phase [20,21]. Moreover, substitution of Ca 
for Sr increases the bending of the (180° - ip) Cu-O-Cu bond angle, and Tc 
decreases [22]. These observations demonstrate that Tc varies sensitively with 
the bending angle <p. 

A defect-free Lai.85Sro.i5Cu04 single-crystal film was deposited layer- 
by-layer by MBE on a single-crystal LaSrA104 substrate; the c-axis was 
normal to the film [1]. The bond-length mismatch across the substrate-film 
interface places the Cu02 sheets of the Lai.85Sro.i5Cu04 film under a biaxial 
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compressive stress, but the film remains orthorhombic. The of the film 
increases under an applied hydrostatic pressure P up to 3.3kbar; at higher 
pressures, Tc is pressure-independent, Fig. 8. The maximum Tc = 43.8 K is 
about 2 K higher than that obtained [23] with a ceramic specimen, which not 
only confirms that the tetragonal phase with strong Cu-O-Cu bonds gives 
the optimal Tc , but also indicates that the biaxial component of the pressure 
raises this optimum value. This latter conclusion is supported by a recent 
report [24] of a greatly enhanced Tc in an underdoped Lai.9Sro,iCu04 film 
made with the MBE technique. 




T(K) 

Fig. 8. The basal-plane resistivity p{T) under different hydrostatic pressures of 
a Lai,85Sro.i5Cu04 single-crystaJ film on LaSrA104 



Figure 9 shows q(T) for the Lai.85Sro.i5Cu04 film for different hydro- 
static pressures. Here also the low-temperature enhancement Sa(T) increases 
with Tc , approaching saturation where Tc becomes temperature-independ- 
ent, Fig. 10. 

From quite general considerations, an increase in a reflects an increase in 
the asymmetry of the density of electron energies below and above the Fermi 
energy. Elegant angle-resolved photoemission data [25,26] on other copper- 
oxide compounds have demonstrated that, on cooling, there is a massive 
transfer of spectral weight from the (tt, tt) to the (tt, 0) direction in the Cu02 
sheets; this spectral-weight transfer produces an extraordinary flattening of 
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T(K) 

Fig. 9. Thermoelectric power a{T) under diflFerent hydrostatic pressures of the film 
of Fig. 8 



the e{k) vs. k dispersion in the direction of the Cu-O-Cu bond axes. We 
therefore attribute the unusual Sa{T) enhancement, which is peculiar to the 
high-Tc phenomenon, to this transfer of spectral weight. Since mobile CDW 
stripes are also associated with the high-Tc phenomenon, we have sugges- 
ted [27] that the superconductive phase contains itinerant vibronic states in 
which itinerant-electron states of wave-vector k are stabilized by admixing 
with a phonon of wave-vector q moving along a Cu-O-Cu bond axis perpen- 
dicular to the mobile stripes. The resulting electron energies £{k) {k ■ qf 
would give rise to an increasing transfer of spectral weight from the (tTjTt) 
to the (tt, 0) direction as the CDW segments become more ordered with de- 
creasing temperature. 

3 Conclusion 

High-Tc superconductivity in the copper oxides occurs in a thermodynamic- 
ally distinguishable phase occurring as an intermediate phase within a first- 
order transition from localized to itinerant electronic behavior. The unusual 
transport properties of the normal state are sensitive to structural changes 
indicative of a strong electron-lattice coupling. At high temperatures, the 
normal state may be described as a strongly interacting gas of intermediate- 
size polarons; but on cooling below 300 K, the polarons condense into mobile 
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Fig. 10. Variation with pressure of the critical temperature for zero resistance, To, 
and the maximum thermoelectric power, a(Tmax), for the film of Fig. 8 



CDW stripes that become increasingly ordered on cooling from 300 K to Tc . 
Pinning of commensurate stripes by the LTT distortion in La 2 _o:Baa:Cu 04 
near a: = 1/8 introduces an activated electronic conduction and suppresses 
superconductivity. Superconductivity appears to be associated with mobile 
stripes and a strong coupling of itinerant electrons to phonons of the moving 
CDW. In this model, Tc is higher the more stable the ordering of the stripes, 
and ordering of mobile CDW stripes appears to be stabilized by straightening 
of the (180°) Cu-O-Cu bond and by shortening of the Cu-0 bond lehgth 
in the Cu02 sheets relative to the c-axis Cu-0 bond length under a biaxial 
stress. 



In YBa 2 Cu 4 08 , the transport properties vary smoothly through T* un- 
affected by the opening of a spin gap. Moreover, the chains have a higher 
conductivity than the sheets and also become superconductive below Tc . 
A reduction in Pa[T) below 160 K correlates with a reduction in Pc{T) and 
the appearance of microdomain fluctuations in the chains. This correlation 
suggests the lowering of Pa{T) and Pc{T) reflects an elastic coupling of the 
ordered CDW segments in the chains and sheets. 
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